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1. INTRODUCTION 
1.1 Many Particle Physics. 
Nature,it seems,is the popular name 
For milliards and milliards and milliards 
Of particles,playing their infinite game 
Of billiards and billiards and billiards... 
Piet Hein,"Crooks" 
LI he leader of our group,when pressed for a nutshell 
description of the physical investigations his group is 
engaged in,likes to summarize these research activities 
into three words : many-particle-physics. 
'Particle' here stands for quasiparticle,while 
'many' is meant,not only to indicate the huge number of 
23 
particles involved ( M O ),but also to convey a qualita-
tive feeling for the number of different quasiparticles 
2 (10^10 ),which may play a role in the physical processes 
under consideration. 
In the physics of condensed matter,systems are 
studied involving a great many individual constituent 
particles,usually interacting strongly with one another. 
A complete microscopic analysis of such systems is clear-
ly impossible,as even three-body problems cannot in gene-
ral be solved analytically.Fortuitously,however,in most 
many-body systems tjje low energy states,which dominates 
the low temperature properties,behave like those of arti-
— г — 
ficial weakly interacting systems,even though the inter­
action between the constituent particles of the real 
system may be strong.Hence,the excitation energies may 
be taken as additive to a good approximation,leading to 
considerable simplification in the analysis.These exci­
tations are known as 'elementary excitations' or 'quasi-
particles'. 
Elementary excitations exist in two different 
classes,i.e. 
i) quasiparticle excitations,e.g. electrons 
ii) collective excitations,e.g. phonons,magnons 
In a system of non-interacting particles,one can 
raise the energy of one of the particles without in the 
least affecting the others.On the other hand,if an in­
teraction between the particles does exist,one expects 
these particle excitations to decay,since the excited 
particles will scatter off the unexcited ones. 
However,if the particles obey the Pauli "exclusion 
principle" and the excitation energies are low,there 
will be very few empty states into which the particles 
can be scattered,and the excitation will acquire a 
sufficiently long lifetime for the particle concept to 
be applicable.lt is excitations such as these that we 
call 'quasiparticle excitations'. 
By appropriate quantum mechanical transformations 
the system of interacting particles can be described as 
a system of non- or weakly interacting quasiparticle 
excitations,although,because of the interactions,the 
energy of such excitations will differ from those of 
- 3 -
the non-interacting particles. 
Hence,quasiparticles have the same qualitative charac-
ter as the bare constituent particles of the system, 
e.g. a quasi-electron can be visualised as a bare elec-
tron, surrounded by a cloud of virtual collective exci-
tations. 
Collective excitations,on the other hand,depend 
for their existence on the interaction between the 
bare constituting particles.For example,because the in-
teratomic forces in a solid are so strong,it is not 
practicable to consider the motions of a lattice ion 
in terms of the motions of an individual particle. 
Any momentum given to one lattice ion is so quickly 
transmitted to its neighbours that after a very short 
period one cannot tell which ion initially has been 
displaced.A motion through the lattice is specified, 
not by the change in coordinates of just one ion,but 
by those of every ion in the solid collectively. 
A 'collective excitation' can then be defined as the 
quantum of a collective normal mode of an interacting 
system. 
Thus a phonon is a the quantum unit of a lattice vibra-
tion (oscillations in the relative position of atoms 
in a lattice) and a magnon the quantum unit of a spin-
wave (oscillations in the relative orientations of 
spins in a lattice ).Such quanta are bosons with no 
restriction on occupation number. 
The study of quasiparticles has served not only 
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transport properties,they can all be analysed,using the 
same general methods and techniques. 
1.2 Transport Properties of Magnetic Insulators. 
The magnetic insulators studied in this thesis 
are two-dimensional Heisenberg ferromagnets of the gene­
ral formula : (C H_ .NH.,) „CuCl. ,n=l , 2, .... (henceforth 
η 2n+l 3 2 4 ' 
abbreviated by С CuCl ).The magnetic ions in these crys­
tals are arranged in sheets or layers with relatively 
long distances between them,formed by the organic alkyl-
ammonium (С H. NH„)-chains.Hence,due to the exponential 
form of the space dependence of the exchange interaction, 
the intralayer magnetic interactions are about a thou­
sand to a million times stronger than the interlayer 
interactions,and these crystals approximate a two-di­
mensional Heisenberg ferromagnet to an almost ideal 
degree. 
Besides a two-dimensional magnetic lattice,these 
crystals possess other highly interesting magnetic (2,3), 
dielectric (4,5,6) and transport (7,8,9) properties,but 
we shall limit ourselves to a discussion of the thermal 
energy transport only. 
The conduction of heat in insulators is generally 
carried out by phonons.For magnetic systems the specific 
heat consists of a spin and a phonon part,and in a cer­
tain temperature range the former may even exceed the 
latter.One would therefore expect that magnons may 
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also contribute to the heat transport.In practice,how­
ever,the appearance of magnon conductivity turns out to 
be a rather rare phenomenon : there are only very few 
magnetic crystals where magnon conductivity has been 
unambiguously shown to exist. 
The reason for this is the following : 
It should be realized that thermal energy can only enter 
and leave the crystal via the phonon system.Therefore, 
for the magnon system to contribute to the heat trans­
portan interaction between the two systems must exist. 
If this interaction is too small,no heat will escape 
into the magnon system in an experimentally detectable 
degree.If the interaction is too large,the magnons will 
mainly serve to impede rather than to contribute posi­
tively to the heat transport. 
Thus,only when the interaction lies within a certain 
range of strength will magnon thermal conductivity be 
possible. 
In general,magnons only exist at temperatures 
below a well-defined critical temperature Τ (also 
с 
called Curie-temperature for ferromagnets).However, 
under certain conditions large long-living spinfluc-
tuations can occur above Τ .At temperatures not far 
above Τ ,the exchange interaction is still able to in­
duce some limited amount of order over small volumes 
of the crystal,the extent of which is determined by the 
correlation length.In this way,small assemblies of cor­
related spins appear in different parts of the crystal. 
-7-
The process is dynamic and time dependent,so that at a 
given temperature small ordered spin-assemblies (each 
having a net spontaneous magnetization ) are continuous­
ly forming and dissolving in different parts of the 
crystal.The total net magnetization,however,remains 
practically zero (paramagnetic state). 
The appearance of these paramagnetic short-range order 
magnons or paramagnons is highly influenced by the di­
mensionality of the magnetic system.As a consequence 
of the two-dimensionality,the length over which the 
spins are correlated will be considerably larger than 
in three-dimensional systems at the same temperature 
relative to Τ .Therefore,one expects for low-dimensio­
nal systems more pronounced magnon modes above Τ . 
We have shown by thermal conductivity measure­
ments on С CuCl- and С CuCl-crystals,that besides exhi­
biting a two-dimensional magnetic system,the phonon 
system of these crystals is two-dimensional in charac­
ter as well.Furthermore,below Τ magnon conductivity 
completely dominates the heat transport comprising 
about 90 % of the total thermal conductivity - the 
largest magnon contribution yet observed.Above Τ ,we 
have found for the first time a magnetic contribution 
to the transport of thermal energy up to 95 % of the 
total heat transport,which can mainly be attributed 
to paramagnons.Unfortunately,no theory for the ener­
gy transport by paramagnons exists as yet to allow 
quantitative comparasons.These experimental results, 
as well as the theory of magnon conductivity,shall be 
— á-
described in chapter 3. 
1.3 Transport Properties of Pure Metals. 
The transport properties of pure metals are large-
ly determined by electrons and phonons.The electronic 
contribution,however»completely dominates the phononic 
part,and where heat conduction is concerned,the former 
is about ten thousand times greater than the latter. 
In pure metals both modes of thermal transport 
are interrelated by electron-phonon interactions. 
The electron-phonon interaction is intrinsic to several 
low-temperature phenomena,such as the electrical resist-
ance in pure metals (10-13),the thermal boundary resist-
ance (14,15),the characteristics of ballistic phonon 
pulses (15),certain single-particle tunneling phenomena 
(14-18),point-contact spectroscopy (19-21) and the ther-
mal impedance between electrons and phonons in small 
specimen (22,23). 
A question which continues to arise regarding these and 
other phenomena is how tightlythe phonons are coupled 
to the electron system.The experimental technique of-
ten used to study this question is to measure the lat-
tice conductivity of metals.This measurement is possible 
only,if the thermal conductance contributed by the elec-
trons can drastically be reduced. 
Three methods exist to accomplish this reduction : 
-э-
i) Ъу going into the superconducting state 
ii) by alloying the metal 
iii) by applying a magnetic field 
A critical and comprehensive discussion of these methods 
is given in chapter 4. 
In chapter 4 is also described our measurements 
of the lattice thermal conductivities of pure Alumi­
nium and Indium by the magnetic field method in the 
so-called Corbino configuration.In this arrangement the 
heat current enters the sample,which consists of a cir­
cular disk,in the center of the disk while the magnetic 
field is applied perpendicular to it.Under the influ­
ence of the field the electrons do not reach the outer 
circumference of the sample in a straight line but are 
deviated.Proportional to the strength of the applied 
field, this deviation causes a decrease of the electro­
nic conductivity,while the phonons remain unaffected 
(24,25).The essence of the Corbino method lies in the 
fact that,because of the particular geometry,the (elec­
trical or thermal) Hall-field cannot be established, 
increasing highly its effectiveness in reducing the 
electronic conductivity.This in contrast to the con­
ventional configuration,whereby the sample consists 
of a long wire or thin plate with the magnetic field 
applied perpendicular to it.In fact,the conventional 
configuration displays a minimal magnetoresistance, 
due to the correcting influence of the Hall effect, 
while in the Corbino configuration the highest pos­
sible value of the magnetoresistance is obtained. 
_ /о — 
Historically,the lattice thermal conductivity of 
metals were mostly measured by the alloying method,be­
cause no magnetic fields could be produced of sufficient­
ly high strengths to reduce the electronic conductivi­
ty adequately.But it is not clear at all if the con­
siderable alloying does not change the intrinsic pro­
perties of the material in a drastic way. 
Indeed,our measurements provide the first reliable 
values of the lattice conductivity of Al and In,ob­
tained with the magnetic field method.Even though,espe­
cially at Nijmegen (26),very high continuous magnetic 
fields can now be generated with relative ease,in our 
opinion the formerly available fields were of suffi­
cient strength to produce reliable data on the lattice 
conductivity,had the Corbino method been used. 
Closely connected to these problems is the magne-
toresistance.The field dependence of the electrical and 
thermal magnetoresistance became convincingly explica­
ble only, after the topology of the Fermi surface was 
taken into account by I.M.Lifshitz,M.Y.Azbel and M.I. 
Kaganov in 1957.Despite the successes of the LAK-theory 
however,one mystery remained,i.e. the linear magnetore­
sistance.Although at sufficiently high fields for closed 
orbit,uncompensated metals like Aluminium and Indium,the 
LAK-theory predicted a saturation of the magnetoresist­
ance, experimentally one found a magnetoresistance 
which increases linearly with field. 
A comprehensive review of the anomalous magnetoresist­
ance (27-29) as well as a discussion of its influence 
— // — 
on the determination of the lattice conductivity by the 
Corbino method,is also given in chapter 4. 
Recently it was found that the thermal conducti-
vity of Potassium showed a quadratic field dependence, 
a fact which could not be understood in terms of any 
of the available theories.Furthermore,a straightforward 
extrapolation of these results lead to a lattice ther-
mal conductivity which was about 5 to 8 times too high, 
compared with the theoretically predicted values. 
We could show that the quadratic field dependence is 
not a real effect,but stems from a misinterpretation 
of a partial Corbino effect. 
This is also described in chapter 4. 
Lastly,when plotted as a function of temperature, 
a maximum appears in the thermal conductivity when a 
magnetic field is applied. 
We were able to interprete this phenomenon in terms of 
a theory,formulated by Kagan and collaborators in 1974. 
This is the first time that evidence of the Kagan 
effect in the thermal conductivity has been obtained. 
1.4 Transport Properties of Superconductors. 
In 1911 Kamerlingh Onnes - rather serendipitous-
ly - discovered superconductivity,but for almost half 
a century it remained 'the shame and despair of theo-
retical physics' as no quantitative,fundamental inter-
pretation of its origin and effects could be given. 
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It was not until 1957 that J.Bardeen,L.N.Cooper and J.R. 
Schrieffer succeeded at last to develop a microscopic 
explanation of superconductivity - the famous BCS-theo-
ry - and not until a decade later that an experimental 
group was established at Nijmegen University (30) to 
study superconducting phenomena. 
The most fundamental property of a superconductor 
is its perfect diamagnetism (Meissner state) rather 
than its infinite conductivity,as the latter is a con-
sequence of the former and not vice versa (31). The 
transition from the Meissner state to the normal state 
occurs at a thermodynamically well-defined critical 
field H .However,in an increasing field the specimen 
can remain in the Meissner state even for fields H>H : 
с 
superheating. 
Equally,in a decreasing field the specimen can remain 
in the normal state even for fields H<H : super­
cooling. 
These metastable states (32) can be most adequately 
described within the framework of the phenomenological 
Ginzburg-Landau (GL) theory of superconductivity (31). 
It can also be shown on the basis of the same theory, 
that the presence of a boundary increases the super­
cooling field (33-37).The influence of a boundary can 
be mitigated by coating the superconductor with a nor­
mal metal.This destroys the surface superconductivity, 
enhances the supercooling effect and decreases super­
heating . 
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The interest in supercooling-superheating effects 
stems from the fact that it provides one of the few 
means to measure the most important Ginzburg-Landau 
parameter к, which plays a crucial role in the theo­
ry of superconductivity (31). 
We have studied the supercooling and superheating 
effects in pure and goldplated,thin Indium wires,by 
measuring the resistive transitions in a changing mag­
netic field.A discussion of our results together with 
an account of the Ginzburg-Landau theory shall be given 
in chapter 5. 
In its general three-dimensional non-linear form, 
the GL-equations have not been solved and it is only 
for special configurations that they can be reduced in­
to a tractable form.For thin cylinders the GL-equations 
have been solved analytically for the case where the 
field is applied parallel to the cylinders.For the case 
where the magnetic field is applied perpendicular to 
the cylinders,as in our measurements,the GL-equations 
have not been solved analytically but only numerical 
solutions have been given. 
We have been able to provide an analytical solution 
for the perpendicular configuration,exact to first or­
der of (fr),where f is the order parameter in zero 
field and r the radius of the cylinder. 
Tied with these problems is the influence of the 
shape of the sample and the demagnetization factor.To 
determine the superheating field,for instance,one 
usually considers the configuration of a magnetic field 
parallel to the boundary of a semi-infinite halfspace, 
for which the GL-equations reduce to analytically 
solvable one-dimensional differential equations.For 
samples of different shape,one adapts this halfspace 
solution by the introduction of an appropriate demag­
netization factor.In this way,however,the influence of 
the locally variable penetration depth of the magnetic 
field is completely neglected.In our analytical treat­
ment of the three-dimensional problem of a magnetic 
field perpendicular to a superconducting cylinder the 
demagnetization factor emerges in a most natural way 
into the solution of the superheating field and we 
could show that the influence of the penetration depth 
is of negligible consequence. 
1.5 The Blue Monster 
The measurements,reported in this thesis,were 
performed at temperatures ranging between 0.3 К and 
25 К and in fields up to 7 tesla.These temperatures 
3 
and fields are produced m a He-cryostat,with a home­
made insert and which is commonly referred to in our 
group as the "Blue Monster". 
It received its name from my supervisor and co-refe­
rent,Dr. H. van Kempen,because of its blue metallic 
colour. 
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In naive optimism and youthful overconfidence and 
because of its elevated position - rather than to set 
it on the ground we have decided to hang it from the 
ceiling to prevent vibrational disturbances - I pro-
posed to call it the "Blue Angel" instead,when I first 
began working with it. 
But with the progress of time and no progress of results, 
I had to acknowledge the far more experienced eye of my 
supervisor.No Angel would hide its leaks so deviously 
in the most intricate parts of its system,freeze its 
inlet shut when we needed it open,jam its electronics, 
short-circuit its leads and swallow so many liters of 
precious liquid helium without producing results in 
return. 
A Monster it is and,although now tamed and behaving 
reasonably well,a Monster it remains. 
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2. THE BLUE MONSTER 
2.1 Cryostat and Cooling System. 
U n recent years the commercial availability of 
3 
He has instigated the development of new types of cryo-
stats,i.e. the helium-3 cryostat and the dilution refri-
gerator,which has brought the cryogenic region from 1 К 
down to several millikelvin,within relatively easy 
3 
reach.The importance of He as a cooling agent is due 
to three highly useful cryogenic properties,!.e. 
3 4 
i) He has a higher vapour pressure than He at low 
temperatures (Table 1) 
Hence,by reducing the vapour pressure by pumping,much 
. " 3 lower temperatures can be reached with He than is 4 
nossible with He. 
3 
ii) He does not become superfluid down to 3 mK,with 
a subsequent absence of film flow. 
4 In He-cryostats,the lowest obtainable temperature is 
mainly limited by film flow : at temperatures below the 
λ-point (2.17 K),a superfluid film creeps up the walls 
of the container until it evaporates at a higher level, 
which is warm enough.This causes a continuous loss of 
helium and a steady inflow of heat. 
3 4 
iii) He has a larger heat capacity than He (Table 2) 
3 
The disadvantage of He is that it is not avail­
able in large quantities and rather expensive.This can 
Helium-3 Refrigerator 










3 be partly compensated for by recirculating the He in 
a closed system,so that only small quantities - typic-
3 
ally 15 ml liq. He - are needed. 
3 
The "Blue Monster" is a He-cryostat in which tem­
peratures from 25 К to 0.3 К and magnetic fields (from 
a superconducting magnet) up to 7 tesla,can be generated. 
3 (For modern descriptions of He-cryostats,see refs.(l-3)) 
4 
In the conventional He-cryostats,temperatures down to 
approximately 1 K,or at most down to 0.8 K,can be reach-
3 
ed.With a He-cryostat the cooling range can be extended 
down to about 0.25 K. 
In Fig.2.1 is shown the pumping scheme of the high va-
4 . 3 
cuum and the He-system,together with the closed He-
3 
system and a schematic view of the He-cryostat,as used 
for the Blue Monster. 
Fig.2.1 : Helium-3 Refrigeration System. 
C: 3He-capillary,CT: cooling trap,DP:diffusion pump,FM: 
flow meter,FP: forepump (cap:330 l/h),He: 4He-gas vessel 
(200 atm.),3He: 3He-can (0.3 K),HP: auxiliary 4He-pot 
(1 K),IG: ionisation gauge,LHe: liquid 4He-bath (4.2 Κ), 
LN: liquid nitrogen bath (77 K),M1: WT (Wallace and Tier-
nan) absolute pressure manometer :0-50 torrfM2: WTmanome-
ter:0-800 torr.NV: needle valve,N2: N2-gas vessel (200 
atm.),PV: precision valve,R: 3He-reservoir,RP: rotation 
pump (cap: 500 l/h),SC: superconducting magnet (7 T),SS: 
sample space,ST: 3He storage tank,SV: safety valve,TC: 
thermocouple gauge,TL: copper thermal link to 3He-bath, 
TS: top-flange thermal shield (1 K),TT: transfer tube 
(inner section),VC: vacuum can (4.2 K),WP: Welch-pump. 
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Table 2.2 : The heat capacity С of Copper, He and He. 
Τ C(Cu) C(4He) C(3He) 
3 3 3 
К erg/cm К erg/cm К erg/cm К 
1 1.2xl02 1.2xl05 1.2xl06 
0.5 6. xlO 3.7xl03 1.OxlO6 
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The cryostat consists of three sections,which fit con-
centrically into each otherji.e. 
4 
i) the liq.N„- and liq. He-dewar (Oxford Instru-
ments, type SMD 8) 
ii) the home-made metallic heatshield and support 
for the SC-magnet (only the magnet is shown in 
Fig.2.1) 
iii) the home-made insert,comprising the vacuum cham-
3 
ber and the He-system. 
The cooling procedure involves the following steps : 
i) After precooling with liq.N? and filling the de-
. 4 . 4 
war with liq. He,using He-gas as an exchange 
medium,the sample in the vacuum can (VC) is 
cooled down to 4.2 K. 
4 
ii) The exchange gas is pumped out, and from the He-
bath (LHe) liquid helium is sucked into an auxil-
4 
lary He-pot (HP) by means of a needle valve (NV). 
By pumping on the pot the temperature is lowered 
4 . . 
down to I K. The He-level m the pot is monitor-
ed by means of a Speer carbon thermometer,glued 
to the pot : when all the helium in the pot has 
been evaporated,the temperature rises and this 
could be immediately detected by the subsequent 
decrease of the thermometer resistance. 
3 3 
iii) The He storage-vessel (ST) is opened and the He-
gas brought into the system. A stainless steel ca-
3 
pillary tube (C) of the He-system has been wound 
4 
around the the He-pot and hard-soldered onto it, 
- гч-
to obtain as good a thermal contact as possible. 
4 3 
When flowing past the He-pot,the He-gas condenses 
3 3 
(boil.pnt. He: 3.19 K) and trickles into the He-
3 
can (НеЗ).Ву pumping on the He-can,the tempera­
ture can be subsequently reduced down to about 
3 
0.3 K.After all the liq. He has been evaporated, 
3 
the resulting He-gas can be recondensed and used 
for cooling again. 
4 The level of the He-bath is monitored by means of four 
level indicators (NTC-resistors) : the first about 1 cm 
4 
above the bottom of the He-can,the second 3 cm above 
the top of the superconducting magnet,the third ap­
proximately 2 cm above the vacuum pot and the fourth 
roughly 5 cm above the third.At the fourth level,the 
dewar contains about 7 liter helium,of which 4 liter 
are above the second level.To reach the fourth level, 
approximately 16 liter helium are needed,the excess of 
which serves mainly to cool the SC-magnet to 4.2 K. 
Measurements with field can only be performed 
down to the second level,as a further reduction of the 
4 
He-level will bare the top of the SC-magnet,which 
causes the magnet to trip.Without any special precau­
tions the evaporation rate of the helium was measured 
to be 2 liter/hour.By filling the space of the upper 
half of the dewar with Styrofoam plugs,the evaporation 
rate could be reduced to 0.15 liter/hour.With the SC-
magnet in use,the effective measuring time from after 
filling until the helium has been evaporated down to 
- zs -
the second level,is approximately 10 hours. 
2.2 The Superconducting Magnet. 
The SC-magnet (Oxford Instruments) consists of 
NbTL-wire,with a maximum field of 7 tesla at 31.14 A, 
i.e. 0.225 T/A.Its homogeneity is calculated to be bet­
ter than 1 % over a 2.5 cm diameter spherical volume.As 
a precaution,however,the field was never allowed to ex­
ceed 6.5 T. 
The magnet is energized by a 40 A stabilized power sup­
ply (Oxford Instruments,type A) with current stability 
4 
1 : 10 of set current.The sweeptime to full field-
strength is about 30 minutes.To avoid heat leaks and 
reduce evaporation the magnet is kept in a persistent 
mode during measurements. 
2.3 Sample Space and Leads. 
The net volume in the tail of the vacuum can, 
3 
available for the sample is about 75 cm ,and is en­
closed in a 1 mm thick,brass heatshield.The topflange 
4 
of this shield is hard-soldered onto the He-pot,which 
is always at a constant temperature of about 1 К during 
the measurements. 















Fig.2.2 : Sample space (scale 1:1) 
A: 3He-can,B: copperfoil spiral,C: copper thermal link 
to 3He-bath (0.3 K),D: screw holes for sample holder, 
E: brass thermal shield (1 K),F: copper thermal anchors, 
G: teflon spacer,H: center of magnetic field,!: sample 
space. 
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The sample holder can be screwed onto a hollow 
copper can,the top of which partly serves as the bottom 
3 . . . . 
of the He-pot.This bottom is furnished with a copper 
foil spiral,to provide better heat contact with the 
3 
He-liquid.Inside the hollow copper can a cogwheel sys­
tem has been mounted which,in combination with a speci­
ally constructed sample holder,could rotate the sample 
with respect to the magnetic field. 
The top of the copper can is equipped with electrically 
insulated,copper thermal anchors for the leads of the 
sample, in order to keep these leads at the same tempe-
3 
rature as that of the He-bath.Before being let out of 
the vacuum can,these leads are anchored at the top of 
the 1 К heatshield and at the topflange of the A.2 К 
vacuum pot.In this way,however,no continuous leads from 
sample to measuring apparatus,in order to minimize ther-
mopower effects,could be used,as the leads have to be 
ruptured and soldered to the anchors,at least at the 
topflange of the vacuum pot.When uninterrupted leads 
are needed,we have used the stainless steel tube of the 
pumping system (Fig.2.]) as an inlet into the vacuum 
can.At the topflange of the dewar,this tube is furnish­
ed with a vacuumtight plug,through which the leads can 
be let out. 
From the topflange of the dewar to the topflange 
of the vacuum can all leads consist of 0.1 mm diameter 
electrically insulated copper wires.Inside the vacuum 
can,in order to minimize heat leaks,the sensing leads 
- 28 -
(voltage,thermometers) consist of 0.1 mm diameter,man­
ganine wires,while the leads through which the electri­
cal currents are passed (heaters) consist of copper-
coated superconducting NbTi (T =18 K) wires.To prevent 
still further the leakage of heat,the coppercoating is 
etched away over a range of approximately 2 cm,just be­
fore those spots where the wires are anchored. 
Outside the dewar,all connections consist of shielded 
wires. 
All the leads emanating from the Blue Monster are 
gathered into a terminal box and the connections to the 
measuring apparatus made via appropriate plugs at the 
front panel.This way,necessary changes in the connect­
ions can be made easily and rapidly,while at the same 
time a clear surveyability is maintained. 
2,4 Temperature Measurement and Thermometers. 
For the measurement of the thermal conductivity 
a method is employed,whereby in essence only one preci­
sion thermometer is used,in contrast to the more common 
technique,which consists of the use of two calibrated 
thermometers.In the latter method,slight errors or 
changes in one or both of the calibrations,can result 
in large errors in the temperature difference ΔΤ be­
tween the thermometers.When ΔΤ is small,large errors 
in the value of the thermal conductivity λ,as calcula-
-25-
ted from the measurements,are induced. 
Let A (hot end) and В (cold end) be two points of 
the sample (Fig.2.3) between which the thermal conduct­
ivity is to be measured. To these points are attached 
the thermometers R. and R and the heaters H. and Η , A B A B 
respectively. The cold end В is connected to the cool­
ing system and provided with an extra stabilizing heat­
er H .During a measurement,the power to the heaters H 
о в 
and H is continuously adjusted to keep point В at a 
constant temperature Τ as determined by the thermome-
B 
ter R .This control may be either electronic and auto-
D 
matic,or manual. 
The measuring procedure involves the following steps : 
i) The temperature control is set at the required 
fixed temperature Τ ,while no heatflux is applied 
Б 
at the hot end (Q=0).Hence,when thermal equili­
brium is reached,Τ = Т^. 
А В . 
ii) An electrically measured thermal heatflux Q is 
then applied at point A by means of Η . By ad­
justing Η and Η the temperature is brought 
Б S 
back to Τ . At thermal equilibrium,the temperatu-
Б 
re at point A is now T',and the thermal conducti-
A 
vity λ is obtained by 
where L is the distance between A and В and A is 
the cross-sectional area.The ratio L/A is called 

















Fig.2.3 : Thermometer and Heater Arrangement (schematic) 
0.2 0.5 I .0 2.0 Τ (К) 
Fig.2.4 : Deviation plot for the Germanium Thermometer. 
Τ is' the temperature as given by Eq.(2.2) and the Cryo-
cal data,Τ is the temperature as obtained from Eq.(2.4) 
with m= 11. 
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iii) To compensate for thermal drift,one mostly returns 
once again to the situation of i),and Τ is taken 
as the average of the two obtained values. 
For the thermometers RÁ and R semiconducting car-
A В 
bon resistors are used.For a large temperature range, 
one single thermometer will generally not suffice and 
to maintain sufficient temperature resolution we have 
used two thermometers,i.e. both for R. and R,, a 10 Ω 
A В 
1/10 W, and a 220 Ω 1/10 W (Allen Bradley) carbon re­
sistor. 
The carbon resistors are usually covered by an insula­
ting mantle.To enhance heat contact and reduce the 
thermal relaxation time,part of 'the mantle was grinded 
away until the carbon was laid bare.This was done in a 
controlled way,and during grinding the resistance was 
constantly monitored so that for R. and R,, pairs of re-
J
 A B 
sistors were obtained of the same room temperature re­
sistance and with the same temperature characteristics. 
After grinding,the carbon was electrically insulated 
again by a thin layer of GE 7031 varnish. 
One drawback of carbon thermometers is an insta­
bility on thermal cycling,probably due to change in 
orientation of some graphite particles.In contrast,a 
germanium thermometer,which consists of one single 
crystal,is completely reproducible.The commercially 
available Ge-resistor (Cryocal,S/N 2667) we have used, 
was only calibrated from 40 К down to 1.5 K.We have 
- 3L -
extended the calibration down to 0.22 К (Fig.2.4) by 
calibrating the Ge-thermometer against a large single 
crystal of the paramagnetic salt cerium magnesium ni­
trate (CMN),by means of susceptibility measurements 
in a dilution refrigerator.In magnetic thermometers 
the measured temperature may deviate from the true, 
thermodynamic temperature Τ at very low temperatures, 
i.e. when the interaction energy between the paramagne­
tic spins becomes comparable with к Τ,but for CMN the 
Curie-Weiss law 
χ = C/(T - Θ) (2.2) 
(χ is the susceptibility,С and θ are constants) is 
ideally followed down to 6 mK. 
All thermometers which depend on electron trans­
port properties,e.g. the semiconducting carbon and ger­
manium resistors,are susceptible to the influence of a 
magnetic field,the Ge-thermometer far more so than the 
carbon thermometer. 
However,recently Lawless and collaborators (4-10) have 
developed a glass-ceramic capacitance thermometer,pro­
duced by controlled crystallisation of the peroskite 
SrTiO„ in an alumino-silicate glass matrix. Its dielec·-* 
trie constant is strongly temperature dependent but 
remains indifferent to intense magnetic fields.Hence, 
for our experiments in a magnetic field we have used a 
glass-ceramic capacitance thermometer (Lake Shore, 
CS-400 GR) as a reference thermometer.A disadvantage 
- Зі 
of this type of temperature sensor,however,is an aging 
effect (10): a drift in the capacitance occurs under 
isothermal conditions,necessitating relatively long wai­
ting periods before each measurement for the temperatu­
re to stabilize. 
To summarize,the temperature sensing system of 
the Blue Monster contains the following thermometers 
(Fig.2.3) : 
i) Two AB carbon resistors R. and R of about the 
A В 
same thermal characteristics,connected to the 
sample: a'cold end'and a'hot end'thermometer. 
The cold end thermometer R serves as a tempe-
D 
rature sensor for the temperature regulator,which 
by means of the heaters H or H keeps the sample 
В s 
at the required constant temperature. 
The hot end thermometer R. serves to measure the 
A 
temperature difference due to the alternative 
presence and absence of a thermal current. 
ii) One germanium-resistor R connected to the cold 
end part of the sample holder and which serves as 
a primary reference thermometer. 
iii) One glass-ceramic capacitance thermometer C,also 
connected to the cold end part of the sample hol­
der, and which serves as a secondary reference 
thermometer in the presence of a magnetic field. 
The measuring procedure at each run involves the fol­
lowing steps : 
i) At the start,the two carbon resistors,connected 
- Jf-
to the sample,and the capacitance thermometer,are 
accurately calibrated against the germanium re­
sistor.The calibration should occur before the 
SC-magnet has been switched on,as switching off 
the magnet does not reduce the field to zero but 
due to trapped flux a residual field of about 
500 gauss remains.At this stage also the zero 
field measurements of the thermal conductivity 
are started. 
As soon as possible the calibration results are 
computerally processed,and graphs are constructed 
of the resistance R and the sensitivity 
S = (R/T)(dT/dR) as a function of temperature T, 
especially for the hot end carbon thermometer 
(Fig.2.5).These graphs allows for a rapid calcu­
lation of λ from the measured R- and AR-values : 
» - s ! ^ 5 < 2 · 3 > 
where L/A is the geometry factor,! the current, 
V the voltage and Q = I χ V the heatflux of the 
hot end heater.This way, λ can be continuously 
monitored during the experiment and a deviative 
behaviour more closely scrutinized and corrected 
for immediately,considerably enhancing the relia­
bility of the measurements.The computations of λ 
with the help of a computer occurs only after all 
the measurements have been completed. 
For the λ-measûrements at non-zero fieldstrengths 
- Js- -
the field-independent capacitance thermometer now 
serves to measure the temperature; the carbon re­
sistor R serves only to measure the temperature 
difference. 
When the measurements involve a field dependent 
behaviour of λ at a constant temperature,a diffe­
rent procedure is followed to evade the long wai­
ting periods,necessitated by the thermal drift of 
the capacitance thermometer : at each required 
constant temperature,a rapid sweep of the field 
was made from zero to 6.5 Τ and the magnetoresis-
tance of R. and R„ was measured.At the actual 
A В 
measurement of λ, this magnetoresistance can be 
taken into account and R,which is connected to 
the temperature regulator,set to the appropriate 
value at each different field. 
iv) When the measurements have to be terminated tem­
porarily, the temperature is not allowed to reach 
room temperature,but is kept at the temperature 
of liquid nitrogen (77 K),this to avoid an all 
too drastic change in the thermal characteristics 
of the carbon thermometers.Recalibration after a 
return to liq. helium temperatures proved that 
the changes were indeed small (less than 1 %) 
and that the shape of the R-T curves remained the 
same,i.e. the consequence of a thermal cycling to 
liq. nitrogen temperatures amounts but to a sys­




Fig.2.А : Resistance and Sensitivity curves as a function 
of temperature for 10 Ω and 220 Ω Allen-Bradley 
carbon resistors.The temperature is obtained 
from a computer fit,using Eq.(2.5) 
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higher values of R.Hence,recalibration can be re­
stricted to about 5 or 10 points of the whole 
temperature range. 
2.5 Calibration. 
i) Germanium resistor. 
The employed Ge-resistor (Cryocal) was commerci­
ally calibrated only down to 1.5 K.We have extended the 
calibration down to 0.22 K,starting from about 3 К and 
using a magnetic thermometer (CMN-salt) for reference. 
The calibration data were computerally fitted to the 
'brute force' equation (11) 
m 
In R - Σ
η
 A (In Τ)" (2.4) 
n=0 η 
using the principle of least squares.From 1.5 К to 3 К 
the 'Cryocal'-data from the commercial calibration were 
included,and the total data of the range between 0.22 К 
and 3 К amounted to about 92 points.Fits of different 
order of m (from 6 to 14) were generated, and the best 
results were obtained for m = 11 (Fig.2.4).Consequent­
ly,as an interpolation formula,a polynomial of order 
m = 11 was used. 
ii) Carbon resistors. 
For the carbon resistors,the measured R- and T-
- ìS -
values were fitted according to the formula (12) 
1 j i 
f =.Σ0 a.(ln R )
1
 (2.5) 
with j = 8 providing the best results.The T-values were 
obtained by means of the germanium thermometer. 
The same program used for the computer fit generates 
also values for the sensitivity S (Fig.2.5),i.e. 
S
 = \ Φ ( 2 · 6 ) 
All the computations were performed on the 
IBM 370/158 computer at the Computer Center of the Uni­
versity of Nijmegen,housed at the Faculty of Science. 
iii) Capacitance Thermometer. 
The results of the capacitance thermometer were 
not fitted to an interpolation formula (8) but were 
plotted graphically as a function of T. 
2.6 Measuring and Control System. 
Fig.2.6 shows a block diagram of the measuring 
and electronic control system.The thermal conductivity 
was obtained by measuring a temperature difference at 
a constant temperature by means of the carbon thermo­
meter R at the hot end of the sample,as explained in 
subsection 2.5. 
- ig -
The resistance of R, was measured with a home-
A 
made ac Wheatstone bridge,coupled to a phase sensitive 
detector for detection.For the variable reference re­
sistance,5-decade ESI Dekaboxes,with ranges 1-10 Ω for 
the low temperature,and 0.1-10 Ω for the high tempera-
4 
ture region with an accuracy of 1:10 ,were used. 
The accuracy of the bridge was estimated at 0.02 %,per­
mitting temperature measurements with an accuracy bet­
ter than 1 mK.At intermediate and high temperatures, 
however,the accuracy is limited by the lowest ranges 
of the Dekaboxes. 
The current through the hot end heater Η was ge­
nerated by a voltage/current calibrator (John Fluke, 
type 382A) capable of producing a calibrated dc current 
between 0 and 2 A,with a stability of 0.0025 % and a 
ripple less than 0.002 % of range RMS. 
The voltage over the heater Η was measured by 
means of a digital voltmeter (Solatron,type LM 1480.3) 
with an accuracy of 0.008 % of reading ± 10 yV. 
At the cold end R is connected to the temperature 
regulator for the temperature control.The temperature 
regulator was home-made,based on a design by Ries and 
Moore (13) and also described by M A Weenen (14). The 
bridge circuit is a guarded conductance bridge with a 
toroidal transformer.By winding the two primary wind­
ings together in a bifilar manner,it was possible to 
insure to high precision that the two windings had 

















































Fig.2.6 : Block diagram of the Measuring and Control 
System. 
- y V -
accuracy was inherently high because the balance of the 
ratio arms is created by geometrie symmetry and is not 
affected by temperature fluctuations within the bridge 
circuit.The accuracy was measured to be AR/R=10 
As the bridge reference element an external precision 
decade resistor (ESI Dekabox) was used.Temperature re­
gulation could be executed automatically as well as 
manually.The controller circuit provides both linear 
proportional regulation,to compensate fast thermal fluc­
tuations,and integral regulation, to compensate for 
drift in the temperature;the temperature can be con-
—6 
trolled to better than 5x10 K. 
A temperature change can be achieved by simply adjust­
ing the setting of the Dekabox reference resistor to 
the appropriate value and if this temperature change 
is not too large to require readjustment of the cooling 
rate,stable temperature control can be attained in 
about 10 to 15 seconds. 
Extra heating power can be produced by connecting H 
to an auxiliary,manually operated current source. 
The resistance of the germanium thermometer was 
measured with a commercial automatic digital potentio­
meter (ASL Cryobridge) of unusual precision (15). 
The measuring principle consists of balancing the vol­
tage over the unknown resistor R and the reference 
resistor R to the voltage over parts η and n 9 of the 
secondary windings of the transformer. At balance, 
R^= (n
n
/n.)R] or,by choosing n. conveniently,R^=n„R. 
- с/Ζ -
The accuracy is 0.002 % of full scale in the range 
4 4 6 
10-10 Ω, better than 0.01 % in the range 10 -10 Ω,unaf­
fected by ambient temperature changes and thermal e.m. 
fs. (lead errors) and free of drift. 
The reason that such high precision can be achieved is 
the exceptional accuracy and stability of the transfor­
mers.Sensitivity approaches the theoretically possible, 
being limited by the Johnson noise in the resistors 
only.The operation is completely automatic with a digi­
tal reading of the resistance and a six-decade resolu­
tion.Balancing occurs within seconds. 
The capacitance thermometer was measured with a 
capacitance bridge (General Radio,type 1615-A) in com­
bination with an audio-oscillator (General Radio,type 
1311-A) as a generator,and a two-phase sensitive phase 
locked integrating voltmeter (ASL,model 110) as a null-
detector with a sensitivity of typically 10 nV to 1 V 
f.s.d. depending on gain control setting. 
When used to keep the temperature at a constant value, 
e.g. in the presence of a magnetic field,a deviation 
could be returned to the original value by manually 
operating the temperature regulator and employing the 
capacitance thermometer as a temperature null-detector. 
-VJ -
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3. MAGNON AND PARAMAGNON THERMAL CONDUCTIVITY IN 
TWO-DIMENSIONAL MAGNETIC SYSTEMS 
3.1 Introduction. 
early all the heat transport in solids are exe­
cuted by electrons and phonons and although a host of 
other quasiparticles exist,none of them have been found 
to contribute positively to the actual transfer of 
thermal energy. Indeed.the presence of other quasipar­
ticles provide but added scattering mechanisms for the 
electrons and phonons,leading to a decrease rather than 
an increase of the thermal conductivity. 
At low temperatures the only known exception to this 
rule are formed by magnons. 
What is a magnon ? 
If in a ferromagnet the groundstate,with all the spins 
parallel,is perturbed by a spinreversal,this perturba­
tion will not stay confined to one local spin.Owing to 
the exchange interaction between the magnetic ions,the 
perturbation will be spread out over all the spins of 
the crystal.The propagations of the perturbation through 
the spins of the crystal have a wavelike form and are 
called spinwaves or,when quantized,magnons. 
Suggestions for the energy transport by spinwaves 
could be found as early as 1936 (]).It was Sato (2), 
however,who first developed a theory of heat conduction 
И 
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by spinwaves and pointed out the experimental condi-
tions by which these predictions could be tested. 
Since then,evidence of magnon heat conduction was in-
deed observed in several magnetic materials,e.g. in 
the ferrimagnetic yttrium iron garnets (YIG) (3,4,5,10) 
the ferromagnetic EuS (6) and EuO (59),the anti-ferro-
magnetic GdVO. (11),as well as in the metallic transi-
tion alloys ferromagnets Ni Fe (12), Ni Fe (12) and 
öl /и 
Fe 6 8Co (13). 
In this chapter we shall report on thermal con­
ductivity measurements of the two-dimensional (2d),S=5 
Heisenberg ferromagnets (CH„NH ) CuCl, and 
(C„H NH_) CuCl,. The thermal conductivity of these mag­
netic compounds were measured as a function of tempera­
ture over the range 1 К to 25 К and as a function of 
magnetic field from zero to 6.5 tesla.The magnon con­
tribution to the heat transport in these crystals was 
found to be the highest ever observed as yet,i.e.be­
tween 75 % and 90 %. 
For fields above 4.5 Τ and temperatures below Τ , 
the magnon conductivity is quenched and the lattice 
conductivity is obtained.An estimate is given of the 
magnon and phonon mean free path and of the dislocation 
density of the crystals. 
Not only do these compounds constitute a 2d magnetic 
system,but the temperature dependence of the lattice 
conductivity indicates,that the acoustical phonon sys­
tem is two-dimensional as well.This corroborates the 
-y/-
results previously obtained in this laboratory by means 
of far infrared measurements,which show that in these 
compounds the optical phonon system is two-dimensional. 
In the paramagnetic region,i.e. for temperatures above 
Τ in zero field,we have found that a large magnetic 
contribution to the heat transport is still present in 
the (CHNH)CuCl -crystal. 
This is the first time that the thermal conductivity by 
paramagnetic magnon modes or paramagnons has been mea­
sured. 
Previous measurements of the thermal conductivi­
ty of these compounds have been done by Miedema and 
collaborators at the University of Amsterdam (14,15,16) 
Preliminary results of our measurements have been pu­
blished in refs.(17,18,78). 
In the following section 3.2 we shall describe 
the physical properties of the 2d Heisenberg ferromag-
nets.In section 3.3 a discussion is given of the Sato 
model and an expression is derived for the magnon ther­
mal conductivity in a 2d spinsystem.In the last section 
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Fig. 3.1 : Unit cell of ( C ^ N H ^ C u C ^ 
The numbers 1 to 4 refer to the four types of 
copper sites, A and В refer to the two magnetic 
sublattices.For the sake of clarity the hydro­
gen atoms are not shown.(After ref.(20)) 
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3.2 Two-dimensional Heisenberg Magnetic Systems. 
The alkylammoniummetalhalogenides (С H_ ,)„МХ. 
η 2η+1 2 4 
(abbreviation: С MX),with n= 1,2,3,4,5,6,10,15,18; 
η 
M= Cu(ferromagnetic),Fe,Mn(anti-ferromagnetic),Cd,Pd 
(diamagnetic); X= Br,CI, exhibit several striking struc­
tural characteristics,which reflect themselves in many 
interesting magnetic,dielectric and transport properties. 
These compounds consist of sheets in which the 
. 2 + doubly positively charged metal ions M are arranged 
in a nearly quadratic configuration.These sheets are 
widely separated by a double layer of the alkylammonium 
(C H„ .NH„)-chains.Fig.3.1 shows the crystalstructure 
η 2n+l 3 
of the (C Η NH ) CuCl compound (19,20). 
For the magnetic compounds (M= Cu,Mn,Fe),the magnetic 
interaction between the metal-ions within one sheet is 
far stronger - because of their closer proximity - than 
the interaction between the ions from different sheets. 
As such,these crystals form a nearly ideal approxima­
tion to a two-dimensional Heisenberg magnet and have 
become model systems to study two-dimensional magnetic 
phenomena. 
Physics in lower dimensions is highly interest­
ing in itself (19-22).Calculations are often simplified 
when the dimensionality is lowered and exact solutions 
of several one- and two-dimensional models can be ob­
tained.Furthermore,certain minor aspects of thermodyna­
mic quantities bloom into salient features at lower 
- SD -
dimensions.For instance,long wavelength fluctuations, 
which tend to be of low energy because of their slow 
spatial variation,play an increasingly important role 
with decreasing dimensionality of a system. 
Two-dimensional isotropic Heisenberg magnetic 
systems derive an added interest from the fact,that ac-
cording to theory (23) no spontaneous magnetization for 
non-zero temperatures can occur,in contrast to the ani-
sotropic case,where the exact solution of the 8=5 
Ising-model presents an example of a second order 
phase transition (24). 
Although theoretically no long range order exist in a 
2d Heisenberg system at temperatures other than zero,a 
so-called Stanley-Kaplan (SK) phase transition (25) 
does seem to occur at non-zero temperatures.This tran-
sition connects the high temperature paramagnetic state 
with a low temperature state without long range order, 
but with divergent susceptibility. 
The question then remains,whether or not it is possible 
to have a non-zero transition temperature,characterized 
by a divergence of the susceptibility,yet below which 
no spontaneous magnetization exists. 
From an experimental point of view the problem is 
compounded by the fact that in realistic cases the 
slightest deviations from the pure two-dimensional sys-
tem (anisotropies,three-dimensional interlayer interac-
tions,finite size of the crystal,crystal imperfections, 
etc.) have proved by themselves sufficient,to induce 
- SV -
long range order at temperatures equal or even higher 
than the SK-transition temperature of the ideal case (26). 
Thus,in all practical cases encountered,tbe transition 
at Τ (defined as the temperature at which the suscep-
tibility reaches infinity) has been from the paramagne­
tic state to a state with ordinary long range order. 
As yet,no unambigous example of a pure 2d Heisenberg 
magnet which exhibit an SK-transition has been found. 
The very extensive investigations of Miedema and 
collaborators at the University of Amsterdam have done 
much to clarify many aspects of the questions at issue 
(for a review,see e.g. refs.(19,20)). 
In a series of beautiful experiments they have varied 
the structural properties of these crystals in a sys­
tematic and controlled way. These feats of 'molecular 
engineering' have been performed by 
i) varying the interlayer distance by changing the 
number of carbon atoms in the (C H„ ,NH_)-chain. 
η zn+I J 
In this way,for instance,the separation between 
2+ . . . 
Cu -ions from neighbouring layers can be varied 
from 9.97 X (n=l) to 25.8 X (n=l0)»resulting in 
a variation of the interlayer distance from 2 
to 5 times the Cu-Cu distance within a layer, 
which itself remains unaffected. 
This technique allows one to study various pro­
perties as a function of the interlayer distance 
and to extrapolate to the ideal 2d system. 
ii) complete or partial substitution of the protons 
- sz -
Table 3.1 : Parameters of С CuCl an 
(After refs.(19,20)) 




























by deuterons in the alkylammonium-chain. 
This gives added information about the lattice 
properties. 
iii) substitution of the magnetic ions (Cu,Mn,Fe) by 
diamagnetic ions (Cd,Pd). 
A comparison of the magnetic crystals with their 
diamagnetic counterparts allows one to isolate 
the magnetic from the lattice properties. 
iv) substitution of CI or Br,alternatively. 
This influences the interlayer anisotropy. 
The structural properties in the paramagnetic phase of 
these compounds have received enhanced attention re­
cently,because of their analogy to smectic liquid crys­
tals and membrane structures. By measuring the dielec·^ 
trie properties,first and second order phase transi­
tions have been found between monoclinic,tetragonal and 
orthorombic modifications of these crystals (27,37), 
connected to the ordening of the alkylammonium-group. 
As η is enlarged,the number of structural phase tran­
sitions grows,due to the increasing degree of freedom 
of the alkyl-chains,and a complex polymorphic pattern 
results. 
The magnetic and crystallographic properties of 
these compounds have been investigated by means of su­
sceptibility (28),specific heat (29,30,31).magnetic 
torque (32),ESR (33,34),NMR (83),NQR (35,82).neutron 
diffraction (27,36,37),röntgen diffraction (27,38), 
optical birefringence (27),magneto-optical (40,41), 
faraday-rotation (39,79),far infrared (42,43,44),di-
- $ • / -
electric constant (45),thermogravimetric (46) and dif­
ferential thermal analysis (38,46) measurements. 
The transport properties at low temperatures have been 
studied by means of thermal conductivity (14-18) mea­
surements and shall be discussed in the subsequent sec­
tions of this chapter. 
For methylammoniumcopperchloride (CH NH ) CuCl and 
ethylammoniumcopperchloride (C H NH ) CuCl ,henceforth 
abbreviated to С CuCl and С CuCl,respectively,the rele­
vant physical data are summarized in Table 3.1. 
3.3 Theoretical Background. 
3.3.1 The Sato-model of Magnon Thermal Conduction. 
Sato (2) presented his theory of magnon heat con­
duction,using the following assumptions : 
i) no phonon-magnon interaction 
ii) no ferromagnetic anisotropy 
iii) sufficiently low temperatures so that the phonon 
and magnon mean free paths become boundary limit­
ed only,hence temperature independent and of 
equal magnitude. 
These assumptions effectuate a complete separation of 
the spinwave and lattice vibrational wave systems,with 
the magnons and phonons as independent carriers of the 
thermal energy.Consequently,one can write the total 
heat conductivity λ as the sum of the magnon con-7
 tot ft 
- 55 -
ductivity λ and the phonon conductivity λ »i.e. 
λ = λ + λ , (3.1) 
tot s ph 
At low temperatures,with only boundary scattering pre­
sent, λ and λ , can be calculated,usine the well known 
s ph » о 
kinetic formula 
λ = j Civ (3.2) 
where С is the specific heat per unit volume,! the 
average mean free path,ν the average group velocity of 
the respective heat carriers. 
For a 3d Heisenberg ferromagnetic spinwave system 
3/2 the magnon heat capacity С Œ Τ ,the magnon mean free 
path 1 is constant and,using the quadratic dispersion 
S
 1/2 
relation, the magnon group velocity ν •* Τ 
Hence,the thermal conductivity by magnons is proportio-
2 . 2 
nal to Τ .i.e. λ <* Τ . 
s 
For the lattice wave system,the heat capacity per 
3 
unit volume С , <* Τ , the phonon mean free path 1 , is ph ph 
again constant,while the phonon group velocity ν , is 




Consequently,one finds a Τ temperature dep ndence for 
the phonon thermal conductivity,i.e. λ ,Œ Τ" 
At sufficiently low temperatures λ compares favourably 
with λ , . By measuring the total conductivity 
Xtot = a T 2 + ß т 3 ( 3 · 3 ) 
2 
as a function of temperature and plotting λ /Τ ver­
sus Τ,the possible presence of magnon thermal conduct-
_ s-é-
ivity can thus be detected. 
Some comments are appropriate here. 
i) The measurement of magnon thermal conduction al-
ways involves a certain amount of magnon-phonon 
interaction(47).The experimental technique consists of 
attaching a heater at one end of the crystal and measu-
ring the temperature gradient produced by the heat cur-
rent. Since heaters generate phonons only,the heat can-
not get into the magnon system unless a certain degree 
of interaction between the magnon and the phonon system 
exists.This interaction must be neither too strong,nor 
too weak.A too strong magnon-phonon interaction reduces 
both the magnon and phonon mean free paths and the net 
experimental result is a decrease in the thermal con-
ductivity.On the other hand,if the magnon-phonon inter-
action is too weak,no heat can leak into the magnon 
system and a thermal conductivity experiment will re-
veal the phonon conductivity only. 
Indeed,as Akhiezer (48) has first shown,a magnon-phonon 
interaction is always present in a magnetic system,be-
cause,whereas the exchange interactions and dipolar 
couplings depend upon the interatomic spacings,the mo-
dulations of these interatomic distances by lattice 
vibrations induces a coupling between the phonons and 
the magnons.The magnetic dipolar and spin-orbit inter-
actions are relativistic in origin and much weaker than 
the exchange interactions.But they are very important, 
as no statistical equilibrium could be established be-
- 3 7 -
tween an external heat source and the spin system with­
out their presence. 
ii) The same ubiquitous relativistic-magnetic inter­
actions are also responsible for the fact,that 
in a ferromagnet a nonzero anisotropy field is always 
present.Due to this anisotropy field the actual magnon 
spectrum,even at zero external field,has always a gap 
at k=0. This leads to a reduction of the population of 
the magnon modes and an ensuing decrease of the magnon 
conductivity. 
iii) The assumption of a mean free path,limited by 
boundary scattering only,is also difficult to 
realize in practiceBoth the magnons and phonons are 
scattered from impurities and crystal imperfections, 
while phonon-magnon interactions may also have a damp­
ening effect.These influences are hard to estimate,how­
ever,because of computational difficulties and of our 
limited knowledge of these effects in real crystals. 
iv) These deviations from the simple Sato-model may 
result in a far more complicated temperature de-
2 3 
pendence than the Τ - and Τ -behaviour of the magnon 
and phonon conductivity.Furthermore,as a consequence 
of the magnon-phonon interaction,one can no longer 
equate the total thermal conductivity to the sum of the 
magnon and phonon conductivities,as these two are not 
independent of each other.For these reasons it appears 
questionable if the presence of magnon conductivity can 
be unambiguously tested by simply measuring the thermal 
- s s-
conductivity as a function of temperature,as proposed 
by Sato.Even in the unlikely event that the simplifi­
cations of the model are reproduced in a given sub­
stance, the magnitude and the temperature dependence 
of the thermal conductivity would not provide unequi­
vocal identification of the mechanisms involved. 
3.3.2 Influence of the Magnetic Field. 
As originally propounded by Douthett and Fried-
berg (49),an external magnetic field can be exploited 
to reduce the magnon conductivity in a predictable 
way and thereby to signal its presence. 
If an external field is applied the spinwave energy 
spectrum is changed by a Zeeman-term gy H,i.e. 
E(k) = Dk2+ gpBH 
where D is a constant,g the spectroscopic splitting 
factor,μ is the Bohr magneton and Η can be regarded 
the resultant of the external field and the anisotropy 
field.The resultant gap 
g & В 
at k=0, reduces the magnon conductivity roughly as 
X
s
 - exp(-Eg/kBT) 
due to the decrease in the population of the magnon 
modes.However,a decrease in the measured thermal con-
-ь-3-
ductivity in the presence of a magnetic field is by no 
means sufficient evidence for the existence of a sizable 
magnon conduction at zero field. 
The presence of spinwaves can affect the thermal 
conductivity in two ways : either by contributing to 
the heat transport and increasing the conductivity,or 
by interfering with the phonon conductivity and decrea­
sing the thermal flow.If a small field is applied,both 
effects can lead to a decrease of the thermal conducti­
vity but when the latter effect predominates,the ther­
mal conductivity,after an initial decrease,increases 
again and saturates at a value above the zero-field 
value.In that case,because of the relatively strong mag-
non-phonon interaction,the spinwaves serve mainly to 
scatter the phonons and no magnon conductivity will be 
apparent in zero field (50,51). 
For an unambiguous determination of the presence of 
magnon conductivity 
i) explicit account should be taken of the influence 
of the field-dependent spinwave modes on the ther­
mal conductivity at intermediate fields 
ii) sufficiently high fields should be applied until 
a real saturation of the spinsystem is achieved, 
to effectuate a complete quenching of the magnon 
conductivity. 
Only when this last condition is fulfilled will a sepa­
ration between magnon and phonon conductivity be possi­
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Fig.3.2 : The thermal conductivity of С CuCl as compared 
with that of the isomorphous,non-magnetic Cd-
compound.The Cd-data are assumed to represent 
the lattice conductivity.Hence the surplus con­
ductivity observed below Τ = 8.90 К of the Cu-
compound can be attributed to the magnon con­
ductivity. (After ref.(19)) 
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for this purpose. 
The above criteria for the detection of magnon 
conductivity are not met in the measurements on 
Cu(NH4)2Br4.2H20 (7), Cu(NH4)2Cl4.2H20 (8), and 
CoCl2(NH ) CS (10), where fields of about 1 tesla only 
were employed.In fact,measurements by Dixon et al.(52, 
60),using fields up to 4.8 T,proved that for instance 
Cu(NH.)„Br,.2H
n
0 and CutNH.)0C1/.2H„0 do not have a 4 2 4 2 4 2 4 2 
measurable amount of heat conduction. 
To be sure,only in the measurements of Douglass (5) on 
YIG, Martin and Dixon on EuO (59) and our measurements 
on (CH.NH.)„CuCl / and (C 0 H,NH.)„CuCl . ( 1 7 , 1 8 , 7 8 ) a r e J 4 2 4 2 5 4 2 4 
these criteria fully met and an absolute determination 
achieved of the magnon and phonon conductivities invol­
ved. 
An ingenious method to separate the phonon from 
the magnon conductivity without the use of magnetic 
fields have been employed by Miedema and co-workers 
(14,15,16) in the thermal conductivity measurements of 
(CH_NH,)»CuCl,.To estimate the phonon conductivity,they 
use the thermal conductivity of the diamagnetic,isomor-
phous Cd-compound (Fig.3.2).Unfortunately,this method 
does not lend itself for a general application as it is 
essentially dependent on the existence of a diamagnetic 
isomorphous specimen.Furthermore, the thermal conducti­
vity is highly sensitive to the crystalline purity and 
sample history.Therefore,the estimate of the lattice 
conductivity by the employment of isomorphous samples 
_ ел _ 
cannot be considered as reliable as when applied,for 
instance,to the thermodynamic analysis of the specific 
heat (20). 
3.3.3 Two-dimensional Magnon Thermal Conductivity. 
The model,as proposed by Sato (2),provides but 
the bare framework for a theory of magnon conductivity, 
without the blur of modification and detail.It has the 
advantage,however,of keeping all the physically rele­
vant mechanisms transparent and of making the theory of 
heat transport in ferromagnets more easily accessible 
mathematically. As for the restrictions to the model : 
what has been said for the three-dimensional case ap­
plies also,mutatis mutandis,to a two-dimensional system. 
We shall now derive a formula for the magnon ther­
mal conductivity,based mainly on the Sato-model,but 
adapted to the two-dimensional case. 
Consider a two-dimensional isotropic square lat­
tice of magnetic ions,with lattice constant a and peri­
odic boundary conditions,applied to a square of side L. 
The 2d magnon conductivity λ (2) can be obtained by 
generalizing the simple kinetic formula of Eq.(3.2),so 




(2) = Ι Σ C(k)v(k)l(k) 
(3.4) 
= i /C(k)v(k)l(k)g(k)d2k 
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Here,C(k) is the contribution of the k-mode spinwave 
to the specific heat,v(k) and l(k) are the k-dependent 
group velocity and magnon mean free path,respectively, 
2 
and g(k)=(L/2TT) is the mode density,i.e. the number of 
2 
modes in the surface element d k. 
To evaluate the integral of Eq.(3.4),we make use of the 
Debye assumptions,which presuppose a continuous isotro-
pic homogeneous system.To determine the number of al-
lowed k-modes,these assumptions permit the replacement 
of the correct region of integration over the Brillouin 
zone by a circular region with an upperbound,correspon-
ding to a cut-off wavevector к .This upper limit can 
max 
be found by using the condition that the total number 
of modes must equal the number of degrees of freedom 
of the spinsystem,i.e. 
2π к g(k)dk=(b ) 2 r max 2πkdθdk = N 
h 6 
where N is the number of spins in the area under consi-
s 
deration.Furthermore,we use the magnon dispersion rela­
tion in the low temperature (T^ Τ ),low к (ka <* 1) ap­
proximation and assuming nearest neighbour interactions 
only,i.e. 
E(k) = Dk2+ gu Η 
D =2JSa 2 ( 3 · 6 ) 
which has the same form as for a 3d cubic lattice. 
Here,D is the stiffness constant,J is the exchange con-
- 6 / -
constant,S is the spin quantum number,g is the spectros­
copic splitting or Lande factor,μ is the Bohr magneton 
Б 
and Η is the local resultant field,composed of the inter­
nal anisotropy field and the external applied field. 
Spinwaves obey Bose-Einstein statistics,and there­
fore the specific heat per magnon mode is 
C ( k )
 ЗТ^хрСЕ/к^Т)-^ 
о 
E 2 exp(E/k Τ) 
к-т' (exp(E/kpf)-l)¿ 
(3.7) 
where E is given by Eq.(3.6).The magnon group velocity 
is determined by Eq.(3.6) as well,i.e. 
v(k)= ivkE= ^ k (3.8) 
The magnon mean free path is assumed boundary limited 
only and hence a constant,independent of temperature 
l(k)= ls (3.9) 
Gathering our results and introducing the dimensionless 
variables 
D D D 
we find from Eq.(3.4) for the 2d magnon conductivity 
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At low temperatures the upper limit may be extended to 
infinity,since in that case only the low к - modes 
- όάΓ-
contribute significantly to the integral. 
It should be realized,however,that an actual crys­
tal is always three-dimensional and in the case consider­
ed,consists of two-dimensional layers stacked on top of 
each other.If с is the distance between two successive 
layers,1/c is the number of layers per unit length. 
Hence,the magnon conductivity for a layered system be­
comes 
Λ = 1 λ ( 2 ) (3·,2> 




Т) 3 / 2 f, , t 42 e ^
5
 1/2, 
= 2тг 3 ВЧ?В ' (χ+δ) — — — . χ dx 
chD 1 7 2 J0 ( е
Х + б
- 1 ) 2 
- 1 Л . ( к В Т ) 3 / 2 f ( 5 Γ ( 5 / 2 > + ι Г(3/2) . 
" \ Ъ/2 nh ( 2 - 5 7 2  3 ""Т/г δ + 







+ 1 — π τ δ ) е 
η 
where Γ(χ),χ > 0 is the Gamma-function 
The principal approximations used in the deriva­
tion of Eq.(3.12) are the Debye assumptions,the quadra­
tic magnon dispersion relation as given by Eq.(3.5),and 
the use of a constant magnon mean free path,restricted 
by boundary scattering only. 
It is estimated that in the 3d case the Debye procedure 
as applied to magnons,is valid only for temperatures 
Τ < 2T /3(S+1) * 0.1 Τ (53).Furthermore,the quadratic 
с с 
magnon dispersion relation is also restricted to a tem­
perature range of about an order of magnitude below Τ 
- é ó 
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.3.3 : Modification of the quadratic dispersion rela­
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3.4 : Perturbation of the magnon and phonon disper­
sion relation due to resonant coupling.The un­
perturbed dispersion relations are indicated 
by dashed lines. 
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For k-values near the zone boundary,the dispersion rela­
tion is modified drastically (Fig.3.3).Also,only nearest 
neighbour interaction is considered and the variation 
of magnon energy with the angle of propagation,magnetic 
dipolar coupling and magnon-magnon interactions are 
neglected.Using the correct form of the dispersion re­
lation and integrating over the Brillouin zone,Dyson 
(54) found higher order terms in the specific heat of 
the spinwaves,i.e. 
C= AT 3 /+BT 5' 2+CT 7' 2+DT 4+ ... 
where the first three terms evolve from non-interacting 
4 
spinwaves while the Τ -term is a correction term for 
the interaction of spinwaves with each other. 
As for 2d systems,Colpa (29) found for the speci­
fic heat of the 2d С CuCl,n= 1,....6, 
η 
С = AT + BT~ 
-2 
for temperatures below 0.7 К ^ 0.1 Τ and where the Τ -
term is attributed to the energy level splittings of the 
Cu-nuclei.Al though indeed a linear term was observed,as 
predicted by 2d spinwave theory,the prefactor A is too 
large by about 16 %. At higher temperatures,the experi­
mental results could only be fitted to higher order 
T-terms (30,31). 
These considerations show that one cannot hope to 
obtain from simple spinwave theory detailed predictions 
for the experimental behaviour of a 2d ferromagnetic 
system.To describe the gross features,however,the spin-
-Q8-
wave approximation is well suited.As such,the simple 
spinwave theory shall be used throughout this chapter. 
With regard to the magnon mean free path,other 
limiting scattering processes may include,besides boun-
dary scattering, magnetic and non-magnetic impurity and 
defect scattering,normal magnon-magnon scattering and 
magnon-phonon scattering,while at higher temperatures 
Umklapp magnon-magnon processes may also play a sig-
nificant role.These different possibilities shall not 
be discussed here.The scattering processes thought rele-
vant,shall be discussed with the experimental results. 
Here,we shall confine ourselves to some remarks. 
Generally,normal scattering processes,which con-
serve the total quasimomentum of the quasiparticles,do 
not lead by themselves to a finite resistance.Normal 
collisions produce at most an internal equilibrium in 
the quasiparticle system which can as a whole move in 
relation to the crystal lattice with an arbitrary velo-
city.Only when one takes into account processes where 
the quasimomentum is not conserved does a thermal re-
sistance occur.Therefore,normal scattering is usually 
neglected.But at low temperatures,where the normal 
processes dominate,they can exert an appreciable in-
fluence on the other scattering processes,e.g. modi-
fying the order of magnitude,the temperature dependence 
or other parameters (54). 
If for instance,normal magnon-magnon scattering occurs 
more frequently than boundary scattering,the magnons 
-65-
will undergo many normal collisions before they reach 
the boundary.As a result,the path traversed between two 
collisions with the boundary will be appreciably in­
creased,and the effective mean free path for boundary 
scattering can be larger than the linear dimensions of 
the sample (55). 
As for the magnon-phonon interactions,they can be 
divided into resonant and non-resonant processes. 
Resonant coupling is confined to the region where 
the magnon modes have the same frequency and wave vec­
tors as the phonon modes,i.e. where the magnon and pho-
non dispersion relations cross (Fig.3.4).In this cross­
over region a hybridization between the modes occur, 
which then become neither magnons nor phonons but magne­
to-elastic waves.This resonant coupling produces a per­
turbation of the dispersion relations,leading to an 
effective gap in the phonon branch,whose width depends 
on the coupling strength (56).For weak coupling no such 
hybridization occurs.The effect of the gap is to elimi­
nate the phonons of the cross-over region from the heat 
transport.This can be demonstrated by applying a magne­
tic field.Increasing the field translates the magnon 
dispersion relation upwards in energy and the cross­
over region is equally swept upwards along the phonon 
spectrum.As for a certain temperature T, the phonons 
are peaked between k^T and 4k T,the thermal conductivi-
Ώ D 
ty will decrease to a minimum when the cross-over re­
gion coincides with the peak in the phonon distribution. 
-JO-
Thus,if in zero field the cross-over region occurs at 
energies below the peak energy,an increase in field 
leads to a decrease in the conductivity,which after a 
minimum recovers again. 
If in zero field the cross-over region occurs at ener-
gies above the peak energy,an increase in field results 
in an increasing conductivity. 
In both cases,the high field values of the conductivi-
ty are higher than the zero-field value due to a com-
plete quenching of the interfering magnon modes.Exam-
ples of this behaviour have been encountered in GdCl-
(47,50), and MnCl2.4H20 (51). 
In non-resonant coupling (57),which is usually 
weaker,the most important processes turn out to be the 
transformation of two magnons into one phonon and the 
inverse process in which a phonon decays into two mag-
nons,as well as the Cerenkov radiation of phonons with 
a magnon as the incident particle.The interactions oc-
cur over a wide range of phonon and magnon frequencies 
and are strongly temperature dependent,but no theoreti-
cal account of their effect on the thermal conductivity 
has been given as yet. 
-?i-
3.4 Experimental Details and Results. 
3.4.1 Sample Preparation. 
The С CuCl and С CuCl crystals have a brown trans­
parent colour and are highly hygroscopic,acquiring a 
whitish tinge at the surface when contaminated with wa-
tervapour.The samples were cut from large single crys-
3 
tais,typically of dimensions 15x15x2 mm .These large 
single crystals were grown hydrothermally by Dr.F H M 
Mischgofsky of the Laboratory of Crystal Growth of the 
Delft Technical University.The directions of the a- and 
b-axis could be easily noticed visually and lie along 
the diagonals of the single crystals.These crystals were 
observed between two polarizers,to determine the possi­
ble presence of water inclusions,crystal imperfections, 
etc.Water inclusions expand on solidification and,when 
cooled,would crack the crystal,leading to a decrease of 
the thermal conductivity.The crystals appeared to be of 
exellent quality and surprisingly few irregularities 
were detected. 
The samples were cut from those areas of the 
single crystals where no inclusions and imperfections 
occur.The obtained samples have the following dimensions 
3 
CjCuCl : 9.7 χ 1.8 χ 1.7 mm 
C2CuCl : 26.Ix 3.0 χ 1.3 mm
3 
The cutting was done by hand,with a cotton wire moist­
ened with distilled water.Immediately after cutting,the 
samples were kept in vacuum for about 24 hours,to remove 
-7z-
Fig.3.5 : Sample holder and sample mounting. 
(See text for an explanation of the synbols) 
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all traces of water vapour.Attempts to cut the samples 
mechanically with a crystal saw failed because of the 
extreme brittleness of the crystals. 
This brittleness is most pronounced perpendicular 
to the c-axis,where the Van der Waals bonds between the 
adjacent layers by means of the alkylammonium-chains 
make these links very weak;the crystals are easily split 
between the layers.These bonds are the weaker the longer 
the alkylammonium-chains.For these reasons only measure­
ments on crystals with n=l and n=2 proved to be possi­
ble.Also,due to anisotropic magnetostriction,the crys­
tals may break easily when a magnetic field is applied. 
Attempts to measure the magnetostriction of these com­
pounds failed,probably for these reasons (58). 
It is clear from the above considerations,that 
extreme care is required in the handling and mounting 
of these crystals,as well as in the cooling down to 
liquid helium temperatures and the application of a 
magnetic field. 
3.4.2 Sample Mounting and Measurement. 
The thermal conductivity of these crystals was 
measured in the temperature range between 1.5 К and 20 К 
and in fields up to 6.5 T. The measurements were done in 
the Blue Monster by the conventional steady state method, 
as described in chapter 2. 
- ? ' -
The samples were oriented in such a way that the heat 
flow was parallel to the magnetic layers,while the 
magnetic field was applied perpendicular to the heat 
flow and parallel to the c-axis. 
The mounting of the sample in the sample holder is shown 
in Fig.3.5. 
The thermal conductivity perpendicular to the lay-
-2 -3 
ers has been found to be lower by a factor 10 - 10 (14) 
compared to the conductivity parallel to the layers. 
For that reason the heaters and thermometers were not 
mounted on top of the sample (S),as in that case the 
heat would flow in the toplayer only.Instead,four phos-
phor bronze clamps (F) (thickness: 0.2 mm,width: 1 mm) 
were attached to the sides of the crystal,so as to make 
contact with all the layers, and the heaters and thermo-
meters were connected to these clamps.Between the clamps 
and the crystal a thin layer of Apiezon-N grease was 
applied to improve the thermal contact.To support the 
sample two cotton wires (K) were then threaded through 
the clamps and fastened to extensions of the circular 
copper frame (B).In this way a flexible and strain-free 
mounting of the crystal was achieved. 
For the température measurements,two 220 Ω,ΐ/10 W 
Allen-Bradley carbon resistors R. and R were used.To 
J
 A B 
enhance the thermal contact they were soldered at one 
point to the two inner clamps (F).The cold end heating 
system consists of a cold end heater Η (max.output 0.5W) 
Б 
and a stabilization heater Η (max.output 1.0 W),made of 
-is-
manganine wire wound around a copper spool which at one 
end was hard-soldered to the circular frame (B).This 
3 
frame was attached to the He-chamber with copper screws. 
The other end consists of a copper encasing (D) for a 
Ge-resistor R and a field-independent capacitance ther-
mometer C. At the hot end the heater H (max.output 0.5 W) 
was kept in place by two cotton wires (L) fastened to 
the circular frame.The heaters H and H,, were connected 
A В 
to the respective clamps by a bundle of 0.1 mm diameter 
copper wires (E). 
To avoid thermal shock a very slow cooling pace 
was observed,especially at about 100 К where a discon­
tinuous structural phase transition occurs (27,37).The 
cooling from room temperature to liquid nitrogen tempe­
rature (77 K) took about 24 hours.After that,filling 
with liq. helium could proceed in the usual way.As ther­
mal cycling would crack and destroy the crystal,or at 
least greatly reduce the thermal conductivity in an 
irreproducible way (14),the temperature was not allowed 
to exceed the liq.nitrogen temperature during the whole 
of the experiment. 
Changes in the magnetic field were also executed 
very slowly.Magnetic cycling,however,could not be 
avoided.A slight decrease in the thermal conductivity 
was observed,each time after the field had reached 
6.5 T.The decrease due to magnetic cycling was estima­
ted to be of the order of 5 %. 
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Fig.3.6 : Temperature dependence of the thermal conduc­
tivity of С CuCl and C^CuCl at zero field.The 
broken line is proportional to Τ 
3.4.3 Experimental Results. 
Fig.3.6 shows the temperature dependence of the 
thermal conductivity of the CjCuCl (methyl) and the 
CLCuCl (ethyl) crystals in zero field.For reasons of 
comparison,the thermal conductivity at zero field for 
the methyl compound as measured by Gorter et al.(15) 
is also drawn.The values of the methyl crystal are 
about an order of magnitude smaller than those of the 
ethyl compound,while the latter is of the same order 
of magnitude as the methyl values obtained by Gorter. 
This is due to the difference in the quality of the 
crystals.On examination after the experiments,the C„CuCl 
crystal was still found to be of exellent quality,but 
the С CuCl crystal showed some cracks.The difference in 
crystal quality is also reflected in the temperature 
dependent behaviour of the respective compounds. 
While below 4 К the ethyl compound,as well as the methyl 
3/2 
values obtained by Gorter et al. show a clear Τ -de­
pendence - evidence of a dominating magnon conductivi­
ty - this behaviour is far less manifest in the methyl 
results. 
Figs.3.7 and 3.8 show typical examples of the 
thermal conductivity of the methyl and ethyl single 
crystals as a function of magnetic field at a constant 
temperature..Both curves show the same characteristics. 
After an initial increase in the low field region,the 
total thermal conductivity decreases until at fields 
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Fig.3.7 : Field dependence of the thermal conductivity 
of С CuCl at a constant temperature of 9.4 K. 
~?3' 
about 10 % of the original magnitude at zero field for 
the methyl compound,and about 25 % for the ethyl crystal. 
Clearly at zero field the heat flow consists of a large 
magnon contribution and a much smaller phonon current. 
When a magnetic field is applied,the magnon conductivi­
ty is reduced until at sufficiently high fields it is 
completely quenched for temperatures below Τ ,and one 
measures the lattice conductivity only. 
Fig.3.9 and Fig,3.10 show the temperature dependence of 
the thermal conductivity of the methyl and ethyl crys­
tals,respectively,at zero and at the highest measured 
field (6.5 T),the high field values representing the 
lattice conductivity for Τ < Τ . 
с 
We shall first concern ourselves with the field depen­
dence of the thermal conductivity,then proceed to ana­
lyse the lattice contribution and finally examine the 
magnon conduction. 
3.4.4 Field Dependence. 
Fig.3.11 and Fig.3.12 show the field dependence of the 
thermal conductivities of the methyl and ethyl crystals 
at several constant temperatures. 
At low fields a positive magnetoconductivity occurs for 
С CuCl (Fig.3.12),with a maximum for fields between 
0.2 Τ and 0.3 T,regardless of temperature.This behaviour 
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Fig.3.9 : Temperature dependence of the total (H= 0 T) 
and lattice (H= 6.0 T) thermal conductivity 
of С CuCl. 
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the good quality С CuCl crystal.In the С CuCl crystal 
of lesser quality the maximum occurs at different field 
strengths.Several possible explanations could be advanced 
for the occurence of this maximum. 
As was shown by Van Kempen et al (39,79) by means 
of the Faraday rotation effect,in similar compounds be­
low 10 K,even at zero field,magnetic domains are present. 
Presumably,the magnon mean free path is then limited by 
the domain boundaries.When the field is increased,the 
size of the domains is increased as well,thereby 
lengthening the magnon mean free path until at a suf­
ficiently high field the domainsize comprises the whole 
crystal.Thus,at low fields the subsequent enhancement of 
the magnon conductivity by the lengthening of the magnon 
mean free path up to a certain value of the field,may 
offset and even exceed the quenching influence of the 
magnetic field.To determine,therefore,the zero field 
value of the thermal conductivity in the absence of 
these effects,a linear extrapolation is used,from con­
ductivity values with fields higher than the field where 
the maximum occurs.This extrapolated value is then used 
as the zero field value λ(0) of the thermal conductivi­
ty of the sample. 
A second explanation for this low field maximum 
was proposed by Douglass (5).He postulated that the 
thermal conductivity depends mainly on the magnetiza­
tion direction,rather than on the field direction.In 
zero field most of the magnetization aligns along the 
- Α ε ­
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Fig.3.10: Temperature dependence of the total (H= 0 T) 
and lattice (H= 6.5 T) thermal conductivity 
of C2CuCl.For Τ > 4.5 К the lattice conducti­
vity is represented by a drawn line. 
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easy directions.If the direction of the thermal gradient 
is parallel to these directions,the thermal conductivity 
would be maximal and no positive magnetoconductivity 
would appear if an external magnetic field is applied. 
If the thermal gradient subtend an angle to the easy 
directions of magnetization,the conductivity would be 
less.In the last case,if a magnetic field normal to the 
heat flow is switched on,the magnetization will be re-
oreinted in a direction perpendicular to the thermal 
gradient and the conductivity increases again.The zero 
field value of the sample,i.e. for the case where the 
thermal gradient lies parallel to one of the easy direc­
tions, is again obtained by a linear extrapolation from 
the high field side of the maximum. 
From our measurements it cannot be deduced which of the 
two possible explanations for the the initial positive 
magnetoconductivity,as outlined above,is the correct 
one.In both cases,the extrapolation to the theoretical 
zero-field value λ(0) is executed in the same way. 
A measurement of the angle-dependence of the thermal 
conductivity at different constant field strength could 
decide the case,however, as the domain growth is not 
angle dependent in contrast to the Douglass-mechanism. 
Fig.3.13 shows λ(Η)/λ(0) versus H/T for the 
С CuCl and C9CuCl samples in about the same temperature 
region.Here λ(0) is obtained by the above procedure. 
The drawn line represents the values obtained from 








• Τ = 2.02 К 
α Τ = 3.46 К 
• Τ = 6.75 К 
ο Τ = 9.4 К 
Α Τ = 11.4 К 
Δ Τ = 20. К 
Η (Τ) 
Fig.3.11: Field dependence of the thermal conductivity 
of С CuCl for different constant temperatures. 
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pie spinwave approximation,enhanced by the lattice con­
ductivity.As can be seen from Fig.3.13 the good quality 
CLCuCl crystal follows the prediction for a 2d noninter-
acting magnon gas far better than the lesser quality 
С CuCl crystal,which reaches its saturation value in a 
much steeper decrease with field.These saturation values 
comprise about 10 % to 15 % of the total thermal conduct­
ivity, implying a magnon thermal conductivity,especially 
at the lower temperatures,of about 90 % to 85 %. 
This is the largest fractional contribution from magnons 
to the heat transport as yet observed. 
Apparently,the crystal defects affect the phonon 
conductivity far stronger than they do the magnon con­
ductivity,resulting in a quenching of the lattice heat-
flow and a higher magnon contribution in the lesser 
quality С CuCl crystal,as compared to the good quality 
С CuCl crystal. 
For the high temperatures (Fig.3.11: Τ = 11.4 К, 
Τ = 20 К),the thermal conductivity values of С CuCl do 
still pursue a downward trend,even at the highest at­
tainable field of 6.5 T. As gy H/k Τ = 1 corresponds to 
-1 В В 
Η/Τ = 0.72 TK ,at least fields higher than 8.5 Τ and 
14.5 T,respectively,are required for these temperatures 
to obtain their saturation values.Both these temperatu­
res are above the Curie-temperature of С CuCl (T =8.895 K) 
This indicates that even at temperatures more than 
twice the critical temperature,a sizeable contribution 
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Fig.3.12: Field dependence of the thermal conductivity 
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Fig.3.13: Field dependence of the reduced thermal con-
conductivity of С CuCl and С CuCl.The solid 
line represents the sum of the theoretically 
calculated conductivity of the non-interacting 
magnongas and the estimated lattice conducti­
vity. 
-*ΐ-
This shall be treated in the last section of this chap­
ter. 
3.4.5 Phonon Conductivity. 
From Fig.3.11 and Fig.3.12 it can be seen that the 
thermal conductivity saturates for fields above 4.5 T,at 
least for temperatures below Τ .As these saturation 
values can be identified with the lattice thermal con­
ductivity, the curves with Η = 6.5 Τ as obtained in Fig. 
3.9 and Fig.3.10 .represent the lattice conductivity of 
the С CuCl and C^CuCl compounds in the temperature re­
gion up to Τ .The high field values for temperatures 
above this region cannot be interpreted unambiguously 
as the lattice conductivity and shall be dealt with in 
the last section. 
The lattice conductivity of the С CuCl crystal 
1.9 1.4 
shows a Τ ' -dependence at low temperatures and a Τ ' -
dependence at higher temperatures (Fig.3.9),while the 
2 
С CuCl crystal shows a Τ -dependence up to about 3 К 
(Fig.3.10).This clearly indicates a phonon lattice of 
lower dimensionality,as a 3d lattice would lead to a 
3 . . 
Τ -dependence of the thermal conductivity. 
These indications are amplified by the results of far 
infrared measurements on these compounds with n= 1,2, 
3,4, performed by Stoelinga et al (42,43,44) of our 
laboratoryjWho found that the optical phononic system 
- < v -
of these crystals is two-dimensional.More specifically, 
they could show,that the optical phonon system is two-
dimensional for wavenumbers above 50 cm ,i.e. the al-
ky 1 ammonium-group s do not play a significant role in 
the FIR-spectra,which could wholly be explained by the 
fundamental modes of the layers alone.Below 50 cm ,no 
optical phonons could be detected,indicating that in the 
low energy region the acoustical phonons dominate.From 
our measurements of tLe lattice conductivity of these 
compounds,information on the acoustical part of the 
phonon spectrum can now be obtained. 
Using again the Debye approximation and employing 
the same generalization of the kinetic formula for the 
phonon conductivity as for magnons,i.e. 
V2>= ì α(ω)ν(ω)1(ω)8(ω)αω (3.13) 
the expression for the 2d lattice thermal conductivity 
λ (2) is easily derived.Here g(ü))= g(k)(dk/dü)) is the 
spectral density.Since for phonons there are three po-
larization directions per wave vector,the mode density 
2 is given by g(k)= 3(L/2TT) . 
Using the phonon dispersion relation ш(к)= ν к ,where 
ν is the sound velocity,taken as constant,and 
1(ω)= ν τ(ω) .with τ(ω) the phonon relaxation time,while 
also using the dimensionless variable x= t^o/k Τ and ta­li 
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Fig.3.14: Temperature dependence of the lattice conducti­
vity of С CuCl and С CuCl (H= 6.5 T). 
The solid lines are a two-parameter fit of the 
theoretical curve as explained in the text.The 
broken lines represent a cubic,quadratic and 
linear temperature dependence,respectively. 
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Here, λ ,(2) is the thermal conductivity in a 2d lattice, 
1/c is the number of layers per unit length (c= 0.5 с is 
the distance between two magnetic layers),N= 4/(a b ) is 
the number of atoms per unit area,a ,b ,c are the lat-
o о о 
tice constants of the unit cell,ν is the average sound 
velocity and θ is the Debye temperature. 
The upper limit on the integral is arrived at in the 
conventional way : equating the total number of modes 
to the degrees of freedom,we express this condition by 
max 
g(cü) diú = 3N 
0 
1/2 
where ω = ν(4πΝ) is the cut-off frequency. 
max 
Defining the Debye temperature as = Ьш/к ,the upper 
bound becomes χ = Θ/Τ, and can be extended to in-
max 
finity in the low temperature limit. 
We have included,besides boundary scattering,scat­
tering at line dislocations,hence the phonon relaxation 
time at low tempreatures can be written as' (61) 
1 = 1 + 1 
τ τ! + τ 2 
= Τ
 +
 0.05 1>2γ2Ν,ω 
ι α 
(3.15) 
where τ. is the relaxation time from boundary scatter-
_ c)o -
ing and τ. is the relaxation time from scattering at 
line dislocations,! = 1 , is the phonon mean free path, 
b is the Burgers vector, γ is the Grüneisen constant, 
N. is the number of dislocations per unit area and ω is d 
the frequency of the relevant phonon mode.We have not 
included scattering at impurities or point dislocations 
as in that case the scattering probability varies as the 
fourth power of frequency in the limit of long wave­
lengths (61),and its influence on the thermal conducti-
In the limit τ 9 < τ ,indicating that only a re-
sloc£ 
2 
Eq.(3.14) and Eq.(3.]5) give a Τ -dependence for the 
vity can be neglected. 
 
latively small amount of di ations are present, 
 
case of a 2d lattice.For a 3d lattice one obtains a 
3 . . . . . 
Τ -dependence in this limit,using Eq.(3.15) and the 3d 
equivalent of Eq.(3.14). 
In the other limit τ„ > τ. ,for a large amount 
. 2 
of dislocations,one obtains a T- and a Τ -dependence 
for the 2d and the 3d case,respectively. 
In Fig.3.14 the lattice thermal conductivity of 
the C.CuCl and C„CuCl crystals are shown as a function 
of temperature,together with curves representing a cu­
bic, quadratic and linear temperature dependence.The 
measured temperature dependence of λ for both crys­
tals,lies between a T- and a Τ -dependence,thus fol­
lowing the behaviour of a 2d lattice.This is confirmed 
by a computer fit of the measured data to Eq.(3.14) 
nd Eq.(3.15). The fitted curves of the two crystals 
-iz­
are indicateci in the figure. 












for the fitting procedure,with 





β= к 1Ъ2у2Ы/20 hv 
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From these fits we obtained the following results: 
С CuCl: a= 1.5 » WnT'lTj; 3= 0.1 K~! 
C2CuCl: a= 2.6x10 Wm К ; 3= 0.05 К 
These results can be used to derive the phonon mean free 
path 1 , and the dislocation density N,. ph d 
From specific heat measurements on these compounds by 
Bloembergen and Miedema (30),an average Debye tempera­
ture θ * 300 К can be obtained for the two-dimensional 
lattice.Using this value and the value of the unit cell 
parameters as quoted in Table 3.1,and assuming b= 10 Â, 
γ= 1.5, v= 3x10 cms ,one finds 
C^CuCl: 1 = 1.2χ10~4 cm; Ν = l.SxlO12 cm"2 1 p h
 -2 d 1 0 - 2 C0CuCl: 1 ,= 2.5x10 cm; Ν = 1.5x10 cm 
¿ ph Q 
which are reasonable values (62). 
From their specific heat data Bloembergen and 
Miedema (30) also obtained indications for the two-di-
mensionality of the phonon spectrum of these compounds. 
For a 3d lattice the low temperature lattice specific 
-?-г -
з 
heat С. should vary proportional to Τ ,whereas for 
lat л 
а 2d lattice С, should show а Τ -dependence. Bloem-lat 
bergen and Miedema found a clear difference in the 
temperature behaviour between compounds with even and 
uneven n-values,in that compounds with even η are "less 
two-dimensional" than compounds with uneven n,e.g. for 
2 25 
the C.CuCl compound C. <* Τ " ,while for the C„CuCl 
1
 2.95 l a t . . 2 
compound C. Œ Τ .No such systematic differences lat 
could be detected in the optical phonon spectrum as 
measured by far infrared measurements.Nor did we notice 
such difference in behaviour from our lattice thermal 
conductivity measurements. 
The failure to detect a "less two-dimensional" behavi­
our for compounds with even η by our thermal conducti­
vity measurements can be understood by assuming for 
these even η compounds a much larger value for vl 
within the magnetic layers than in the direction normal 
to these layers.Such an anisotropy in the mean free 
path and for the sound velocity would cause the much 
larger values of vl within the layers to dominate com­
pletely the small vl-components normal to these layers 
in the thermal conductivity measurements. 
- 7 3 -
3.4.6 Magnon and Paramagnon Conductivity, 
It was established in the preceding section that 
the high field values can be taken to represent the lat­
tice thermal conductivity in the temperature region be­
low Τ .The magnon contribution can now be computed,by 
substracting the high field values from the zero field 
values of the thermal conductivity.The results are shown 
in Fig.3.15. As can be seen from this figure,the C„CuCl 
3/2 . . 
crystal shows a far better Τ -behaviour,in accordance 
with Eq.(3.12),than the C.CuCl compound,due to the 
lesser quality of the latter. 
At zero fieldjEq.(3.12) reduces to 
WW3'* fV/2eX 
V , _l/2 , χ ,,2 d x 










h ( J / k B ) 
3 
where the Gamma-function Γ(5/2)= W u and the Riemann-4 
Zeta-function ζ(5/2)= 1.341 (63). 
Using the values summarized in Table 3.1,we obtain 
С CuCl: λ = 20.4 1 T 3 / 2 ИспГ'к"1 (3.18) 
S S





Fig.3.15: Temperature dependence of the magnon thermal 
conductivity of С CuCl and С CuCl. 
- JS-
From the measured results of λ we find for the magnon 
mean free path at T= 3 К 
C.CuCl: 1 = ] . 3 x 1 0 cm 
1 S
 - 2 CLCuCl: 1 = 1 .8x10 cm 2 s 
in agreement with other estimates (14-16). 
In view of these results it can be considered es­
tablished that below Τ magnons play a dominating role 
in the energy transport in these compounds.The situation 
becomes more complicated,however,for temperatures near 
and above Τ ,in the paramagnetic phase. 
The zero field values,as obtained for the good-quality 
crystals С CuCl (Fig.3.2) and С CuCl (Fig.3.10) show 
that near Τ the magnon contribution has decreased to 
a negligible fraction.In С CuCl (T = 10.20 K) a kink 
appears at 10 K,suggesting that above Τ phonons com­
pletely dominate the conduction of the heat flow,while 
for С CuCl (14-16) a shoulder appears at Τ = 8.895 К, 
attributed to phonon conduction. 
For C„CuCl this suggestion is intensified by the fact 
that a linear extrapolation from values above Τ 
с 
reaches the first maximum of the lattice conductivity 
curve,as represented by the high field values(Fig.3.10). 
The high field values of С CuCl show two maxima with 
peaks at 3.5 К and 5.5 K,and a dip at approximately 
4.5 K,while above T= 6 К they display a higher conduct­
ivity than at zero field. Probably this is due to the 
fact that at the higher temperatures a field of 6.5 Τ 
is not sufficient to suppress completely all magnetic 
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Fig.3.16: Reduced magnon mean free path as a function 
of Τ . 
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contributions to the thermal conductivity.This was also 
observed by Gorter et al.(15,16).Consequently,for the 
lattice conductivity above 4.5 К we have used the curve 
as drawn in Fig.3.I 0,which connects the first maximum 
at 3.5 К to the zero field values at 10 K. 
The magnon conductivity of С CuCl (Fig.3.15) is 
seen to fall off rather steeply after a maximum at about 
3.5 K.Miedema et al.(14) have analysed this steep de­
crease in terms of a temperature dependent mean free 
path 
T = T + T T T ) ( 3 · , 9 ) 
s о 
of which 1 is the constant low temperature value as 
о 
found below 3 K,while 1(T) shows an exponentially de­
creasing temperature dependence,i.e. 
1(T)= а е Д / кВ Т ( 3 · 2 0 ) 
Following the same analysis for the С CuCl values above 
3 K,we have taken (Eq.(3.18)) 
λ 
, _ s cm 
1 = 1.8x10~2 cm 
о 
and plotted (1 /1 )-] = (1 /а)ехр(-Л/к
т
,Т) versus T~ on 
O S О D 
a half-log. scale.The results are shown in Fig.3.16, 
















. ο н = от / \Н
 =
 0 Т 
4 Н=2Т { \ 
о Н= «Т / \ 
_ . Н= 6Т / "5 
7 \ ^ 
/ ' '' \ 
• / ! \ Χ 
- / ¡\ ! ·' ^ Δ 
«f / » ' ' \ 
І ! ' ¡Ρ Н = 6 Т 
5 c10 15 20 T[K] 
Fig.3.17: Temperature dependence of the thermal conduc­
tivity of С CuCl.at different constant field 
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the lattice conductivity.For Τ > Τ the lattice 
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ductivity of the diamagnetic С CdCl (broken 
line).properly scaled to fit the 6 T-curve 
below Τ 
- f 5 " 
a= 7x10 cm; Д/к
т з
= 10 К f o r 3.4 К < Τ < 4 . 8 К 
- R 
а= 3x10 cm; Д / к = 76 К f o r 4 . 8 К < Τ < 6 .8 К 
This compares reasonably well with the results found by 
Miedema et al. (14) for С CuCl,i.e. 
1 = 1.3xl0~2cm; a= 4x10~7 cm; Δ/k = 35 К 
о В 
The exponential decrease of the magnon mean free path 
with increasing temperature can be accounted for by both 
magnon-magnon as well as magnon-phonon interactions (48). 
The С CuCl crystal shows a rather different beha­
viour. 
At Τ =8.895 К,no decrease in the zero field magnon con­
ductivity can be observed,although a slight dip appears 
at 7.5 К (Fig.3.9 and Fig.3.15). 
From Fig.3.11 an estimate of the temperature dependent 
behaviour of the thermal conductivity at various con­
stant fields can be obtained and this is shown in Fig. 
3.17. As for temperatures above Τ it appears that the 
thermal conductivity has not yet reached a saturation 
value at fields of 6.5 Τ and the magnon contribution is 
still not completely suppressed at that high field 
value,we have estimated the lattice conductivity for 
Τ > Τ by using the same procedure as employed by Gor­
ter et al.(15,16). This consists of equating the lattice 
conductivity (i.e. the 6.5 Τ values for Τ < Τ ) to the 
properly scaled thermal conductivity of the diamagnetic 
isomorphous С CdCl compound,which has phonon conduction 
only. 
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Fig. 3.18: Reduced magnetic heat capacity of С CuCl.R is 
the gas constant (After refs . (20,31j). 
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magnon contribution is found to possess a peak at about 
7 K. At Τ ,the magnon contribution is already complete­
ly quenched for fields of 4 T.But at Τ > Τ , an added 
contribution to the thermal conductivity,evidently of 
magnetic origin,is seen to appear,not only in zero field 
but in the largest field as well.Furthermore,Fig.3.1 7 
shows,that in the neighbourhood of Τ ,the magnon contri­
bution is quenched drastically,only when a magnetic 
field is applied,Apparently,a large magnon contribution 
can still be found above Τ at zero field. 
с 
Indeed,as can be seen from Fig.3.6,the thermal conduct­
ivity of the С CuCl crystal at zero field,apart from a 
slight dip somewhat below Τ ,rises monotonically to a 
maximum at 15.5 K,and even exceeds the zero field 
values of the good quality С CuCl crystal.At this maxi­
mum value the magnetic contribution comprises about 95 % 
of the total thermal conductivity.This observed thermal 
conductivity maximum coincides with the maximum of the 
specific heat of С CuCl (Fig.3.18),as measured by Bloem-
bergen (20,31).This behaviour stands in marked contrast 
to the zero field temperature dependence of the good 
quality С CuCl- (14,15) and С CuCl- (Fig.3.10) crystals, 
which show a decrease above 3.5 К and for which the non­
zero field values coincides with the zero field values 
above Τ . 
с 
The persistence of magnons or magnonlike excita­
tions, even in the absence of long range order and well 
into the paramagnetic region,has previously been esta-
- /oz, _ 
blished experimentally,for instance in the 3d Heisen­
berg antiferromagnet RbMnF (64).For magnetic systems 
of lower dimensionality,the effect is even more pro­
nounced as is shown by neutron scattering measurements 
on the 2d Heisenberg antiferromagnet К NiF, (65-67) and 
on the Id Heisenberg antiferromagnet (Cd ) NMnCl or 
TMMC (68). 
A theoretical explanation for the existence of 
paramagnetic spinwaves was first provided by Marshall 
(19,69,70).Although no long range order exists above 
Τ ,short range order still prevails,leading to regions 
of correlated spins the extent of which is determined 
by the correlation length.Damped excitations or quasi-
spinwaves of wavelengths shorter than the correlation 
length,can still exist and propagate within these cor­
related regions. 
In systems of lower dimensionality,the lengths over 
which the spins are correlated will be considerably 
larger than in a 3d system,resulting in even more pro­
nounced magnon modes above Τ . Indeed,nothing special 
happens at Τ itself (19),as not Τ but the correlation 
с с 
length is the prime quantity that determines the dis­
appearance of the paramagnetic magnons when the tem­
perature is raised. 
Despite the fact that the existence of paramag­
netic magnon modes or paramagnons has been well esta­
blished,both by theory and experiment,one still suffers 
from a paucity of information regarding the possible 
- /oi-
energy transport by these paramagnons. 
Huber has speculated (71),that the paramagnetic magnon 
contribution to the conductivity may increase in the 
vicinity of the critical temperature as the volume of 
the Brillouin zone increases,but no meaningful calcula-
tion has been carried out as yet. 
Besides paramagnon thermal conductivity,energy 
transport by diffusive magnon modes may also be present. 
Huber et al. (74,75) have shown,that energy transport 
is non-diffusive in Id systems with S=l/2,but that in 
Id systems with S > 1/2 and 2d and 3d lattices with 
S=I/2)energy diffusion is present in H=0. On the other 
hand,Kruger (76) has proved that for Id systems with 
S=l/2,a uniform magnetic field reestablishes the energy 
diffusion at all temperatures,if spin diffusion is pre-
sent, and that the introduction of weak next nearest 
neighbour interactions also contribute to the reesta-
blishment of energy diffusion. 
Using the theory of Kawasaki (72) and of Lurié 
et al. (73) we have calculated the possible contribution 
of long wavelength diffusive spinmodes to the thermal 
conductivity,but this does not exceed 5 % of the obser-
ved total thermal conductivity.For that reason we have 
attributed the magnetic thermal conduction above Τ as 
mainly due to paramagnetic magnons. 
The question then remains why the good quality С CuCl 
and C„CuCl crystals do not show a large magnetic con­
tribution above Τ . 
с 
А clue for this difference in behaviour above Τ 
с 
might be found in their behaviour below Τ .As can be 
seen from Fig.3.13, the good quality С CuCl crystal 
shows roughly the expected field dependence for a 2d 
non-interacting magnon gas; for strongly interacting 
magnon-phonon systems,a much stronger field dependence 
is expected (80),such as exhibited by the С CuCl sample. 
This indicates that,probably due to the larger number 
of dislocations,the С CuCl crystal has a much stronger 
magnon-phonon interaction than the С CuCl sample. 
This again implies that the absence of magnetic conduc­
tion above Τ in the C„CuCl crystal is not due to a 
с 2 J 
small intrinsic magnetic conductivity,but due to a lack 
of contact between the magnetic system and the lattice. 
Certain aspects of our experimental results could 
also be explained with a model based on interactions 
between a phonon system and a magnetic system. 
However,taking into account the results of other very 
extensive studies on these compounds (14-16,19),which 
are consistent with our interpretation,we conclude that 
scattering between phonons and magnetic systems play 
but a minor role in our experiments. 
In conclusion,we have shown experimentally that 
in 2d Heisenberg ferromagnets,the magnetic system can 
contribute considerably to the energy transport,even 
at temperatures far above Τ .The magnitude of this con­
tribution,as observed by thermal conductivity experiments, 
is strongly dependent on the strength of the magnon-pho­
non interactions of the crystal. 
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4 THE LATTICE THERMAL CONDUCTIVITY OF PURE METALS: 
ALUMINIUM AND INDIUM. 
A.1 Introduction. 
lectrons and phonons are the only two quasiparti-
cles,which function as energy carriers in simple metals, 
with the electron contribution generally dominating the 
phonon conductivity. 
Writing the total thermal conductivity λ as a sum of 
the electronic heat conductivity λ and the lattice 
e 
heat conductivity λ .i.e. 
g 
λ= λ + λ (4.1) 
e g 
4 
for most pure metals λ /λ ^ Ю and usually λ is com-
e g g 
pletely neglected.Thus the thermal conductivity in 
pure metals is almost entirely electronic in nature 
and as such but a different manifestation of the same 
fundamental transport properties as those,present in 
the electrical conductivity.As a measurement of either 
one will yield much the same information about these 
properties,while electrical measurements are much sim­
pler to perform than thermal conductivity experiments, 
the measurement of electrical conductivity seems 
highly preferable above thermal conductivity measure­
ments. 
Yet,compelling reasons exist for the measurement 
_ //г -
of the thermal conductivity of metals,both from an ex­
perimental (1) as well as from a theoretical (3-10) 
point of view. 
When dealing with small-sized,ultra-pure metal 
samples,the maximal voltages one can generate are of 
—8 
the order of 10 Volt,using currents of a few Amperes. 
This is not easy to measure: typical noise levels in 
high quality voltmeters are of the order of 10 Volt 
and although superconducting devices have much lower 
noise levels,they cannot be used in the presence of 
large magnetic fields. 
In contrast to this,the thermal noise levels in carbon 
resistance thermometers are about 10 К in the liquid 
helium range,while temperature differences along the 
-2 
sample of 10 К are easily obtained.Hence,experimen­
tal considerations of the sensitivities,obtainable in 
electrical and thermal measurements,may recommend the 
use of the latter,even at the high and low temperature 
extremes where the Wiedemann-Franz (WF) law is obeyed 
and where one can expect to obtain the same information 
from electrical as from thermal conductivity experiments. 
Theoretical interest in thermal conductivity mea­
surements arises from the fact that in the intermediate 
temperature range,the WF-law is not obeyed and the scat­
tering of electrons by phonons affects the electrical 
current in a manner.different from the thermal flow. 
By studying the difference in behaviour of the ther­
mal and the electrical conductivity,preferably simul-
- //3 -
taneously and in the same sample under the same condi­
tions,valuable information can be acquired about,e.g. 
the electron scattering mechanisms as they manifest 
themselves in the electrical and thermal mean free 
paths (2). 
Usually,the electron-phonon interactions is stu­
died from the electronic point of view,i.e. one consi­
ders how the electrons are scattered by the phonons.An 
equivalent method would be to regard the electron-pho­
non interactions from a phononic point of view,i.e. 
how the phonons are scattered by the electrons.One of 
the methods by which this can be achieved is to mea­
sure the thermal lattice conductivity. 
Since in general,measurements of the thermal conducti­
vity cannot be performed with an accuracy greater than 
1 %,and λ /λ is about 0.01 % in pure metals,the lattice 
g e 
conductivity cannot be determined directly.The electro­
nic conductivity has to be reduced to at least the same 
order of magnitude as the lattice conductivity,before 
a meaningful measurement of the latter can be obtained. 
This can be achieved by 
i) going into the superconducting state 
ii) alloying 
iii) reduction by means of a magnetic field 
In this chapter we shall report on the measurements of 
the lattice conductivity of Aluminium and Indium.The 
magnetic field method was used in the so-called Cor-
bino configuration,whereby a far larger magnetoresis-
_ / / y -
tance can be achieved than in the conventional standard 
geometry. 
Presently,sophisticated band structure calcula-
tions, electron-phonon many-body theories,etc.seem to 
be able to calculate a large number of transport pro-
perties very accurately.Yet,although these basic inter-
actions have long been identified,detailed understanding 
continues to be elusive.Our focus here have been on 
pure simple metals,i.e. those for which the nearly free 
electron model holds rather well. 
Aluminium and Indium can be considered as typical exam-
ples of polyvalent simple metals.Potassium,which is a 
prime example of a monovalent simple metal,shall only 
be dealt with obliquely in this thesis. 
A recent and rather complete review of the lattice 
conductivity of metals does not exists in the littéra-
ture,although the fundamental article by Klemens (3) 
on the thermal conductivity contains several sections, 
wherein this subject is treated.In view of the recent 
developments,however,the Klemens' article is in need of 
modernization and extension.In the next sections we have 
attempted such a review.The corresponding discussion of 
the experimental results shall not cover the whole 
field,however,but confine itself to Al and In only. 
Furthermore,an exposition of the prevalent theories 
about the field dependence of the electronic thermal 
conductivity is given. 
- /IJ-
4.2 Theoretical Background, 
4.2.1 Thermal Conduction in Metals. 
Assuming only two sorts of heat carriers,the ther­
mal conductivity in metals can be approximated by 
Eq.(4.1) 
λ= λ + λ (4.1) 
e
 g 
where usually λ *> λ . 
e g 
There are two main scattering processes which limit the 
electronic conductivity λ : 
e 
i) The scattering of electrons by imperfections (im-
impurity atoms,lattice defects,etc.),represented 
by an electron-defect or residual resistivity: 
W = βτ - 1 
о 
This scattering is important at the very low tempera­
tures and is the thermal counterpart of the temperature 
independent electrical residual resistance ρ .Because 
the scattering by static imperfections is an elastic 
process,W is related to the residual electrical resis-
o 
tivity ρ by the Wiedemann-Franz law 
W Τ о (4.2) 
i.e. 




L = ρ /W Τ = (π 2/3)(^/ 6)
2
 . 
= 2.443 χ 10 ΚΩΚ 
is the value of the Lorenz-constant. 
ii) The scattering of electrons by thermal lattice 
vibrations,leading to an electron-phonon or ideal 
. . . 2 
or intrinsic resistivity: W.= aT 
1
 5 
This is the thermal equivalent of Bloch's Τ -law for 
the ideal electrical resistivity,i.e. p.^ Τ ,and this 
scattering is important at low and intermediate temp­
eratures. 
The total electronic thermal resistivity W = λ is as-
e e 
sumed to be the sum of W and W.,i.e. 
ο ι 
λ"^ w = W + W.= gT -^ αΤ (4.3) 
e e ο ι 
which is referred to as the thermal analogue of 
Mathiessen's rule,originally formulated for electri­
cal resistivities. 
This simplified pic ture,however,invites several comments: 
i) That the presence of static scattering centers in­
duces a temperature independent electrical resis­
tance ρ only is by no means self-evident,as was point­
ed out by De Vroomen (68),but is a consequence of the 
fact that the electronic system can be regarded as an 
assembly of independent particles with highly degene­
rate Fermi statistics.Analysing the influence of static 
impurities on the transport properties for the case of 
a general anisotropic metal of arbitrary Fermi surface, 
- " ? -
and assuming Fermi statistics,electrons as independent 
particles and elastic scattering only,he found that 
ρ = constant,W = βΤ ,β= ρ L 
о о о о 
2 
is indeed correct to terms of the order of (T/T ) ,which 
г 
are completely negligible,as for metals the Fermi tem-
4 
perature Τ = E^ /k,. is of the order of 10 K. 
Γ Г D 
ii) Magnetic impurities in metals do induce a tempe­
rature dependence proportional to log Τ in the 
residual resistance,i.e. 
ρ = -b log Τ 
s 
where b is a constant.This is due to an indirect ex­
change interaction between the magnetic ions and the 
conduction electrons (the Ruderman-Kittel-Kasuya-Yosida 
(RKKY) interaction) (220).This results in a minimum in 
the resistivity versus temperature curves of dilute 
magnetic alloys at low temperatures,the so-called Ron­
do effect (221).The resulting temperature dependence 
of the thermal resistance can be derived by means of 
the WF-law. 
iii) Non-magnetic impurities,however,can also lead to 
a temperature dependent residual electrical re­
sistance's was shown by Kagan and Zhernov•(222). 
Actually,due to thermal excitations,the impurity atoms 
are not static,but oscillate in a way,which may differ 
greatly from the oscillations of the atoms of the host 
lattice.Hence,the electrons will be incoherently and 
inelastically scattered,not only by the impurity atoms 
- J/S-
T a b l e 4 . 1 : Aluminium 
E x p e r i m e n t a l v a l u e s of α , β and E 
Sample ρ α .10 3.10 I n β Ε ! 1θ' 
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but also by the atoms surrounding the impurity atoms 
and whose oscillations are perturbed,resulting in a 
2 
Τ -dependent residual resistivity.As the scattering of 
the electrons against the thermally excited impurities 
are inelastic,the thermal resistivity cannot in this 
case be unequivocally inferred from the WF-law.Further­
more,a temperature dependent residual resistivity will 
lead to a violation of Matthiessen's rule. 
However,electron-electron scattering may also produce 
2 
a Τ -dependent resistive contribution (223,224),i.e. 
2 
ρ = A Τ 
e,e 
This was experimentally verified recently,by very pre­
cise,high resolution electrical resistivity measurements 
on К and Al by Van Kempen et al.(225,226,227).In view 
of the fact that the measured coefficients A of the 
2 
Τ -contribution were in good agreement with the theo­
retically predicted values for electron-electron scat­
tering resistivity and that for most metals ρ and W 
0 J
 o o 
can indeed to high precision be correlated by the WF-
2 . . . . 
law,the possible Τ -contribution to the resistivity 
due to the Kagan-Zhernov effect can in most cases be 
taken as negligibly small. 
iv) The constant α of the intrinsic thermal resisti­
vity is related to characteristic properties of 
the given metal.Unfortunately,a simple general ex­
pression for a,covering the whole temperature range, 
cannot be given.At low temperatures (T < Θ,where θ is 
- /zo -
Table 4.2 : Indium 
Experimental values of α,β and E 
Sample ρ α.10 β.10 In β E 10 
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the Debye temperature) α can be approximated (8) by 
2/3 
a= 64.0 ?—j (4.4) 
λ θ 
oo 
where b is the valence,i.e. the number of free elec­
trons per atom and λ is the limiting thermal conducti­
vity at high temperatures. 
The theoretical values of a,calculated according to Eq. 
(4.4),however,appear to be about an order of magnitude 
greater than the measured values,i.e. 
α , = 10 α theor. exp. 
This is due to the neglect of Umklapp processes,the as­
sumption of spherical energy surfaces in the use of λ 
and the utilization of a constant Debye temperature (8). 
At high temperatures,Umklapp processes occur which are 
absent at low temperatures.Thus the use of λ will over-
*• CO 
estimate the low temperature scattering and the value 
of α will be too large.Furthermore,the use of a constant 
value for θ ітцрііез a simple Debye spectrum,but devia­
tions of this model are most apparent at low temperatu­
res.Therefore, the measured rather than the theoretical 
value of α should be used in calculations where it ap­
pears. 
As it constitutes a measure for the intrinsic resisti­
vity,i.e. the resistivity caused by phonon scattering, 
α should be independent of impurity content.Actually, 
more elaborate calculations (60) indicate a possible 
variation of α with mean free path and an increase of α 
- /zz-
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F i g . 4 . 1 and 4.2 : α as a funct ion of In β for Al 
and I n , r e s p e c t i v e l y . 
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with increasing residual resistivity.Campbell has obser_ 
ved (61), that α increases linearly with In ρ .This is 
borne out by our present analysis of Al and In. 
In Table 1 and Table 2 we have listed the results of 
previous measurements of α and β for Al and In of dif­
ferent impurity content.The values of Table 1 for Al 
are reproduced from Seeberg and Olsen (29),except for 
the results obtained by De Vroomen (68).No new data has 
appeared in the littérature since then. 
In Fig.1 and Fig.2 we have plotted α against In β,which 
is proportional to In ρ ,according to Eq.(4.2a).As can be 
seen from these curves, α seems to be independent of β 
only for very low impurity concentrations,but generally 
shows a linear In ß-dependence. 
The interference effects between the phonon and 
impurity contributions to the resistivity are normally 
referred to as Deviations from Matthiessen's Rule (DMR), 
which for the electrical resistivity is defined as 
Δ= ρ - p.- ρ 
1 о 
Here,ρ is the measured electrical resistivity,ρ.= ο.(Τ) 
the ideal,temperature dependent resistivity and ρ = ρ (с) 
the residual temperature independent resistivity.which is 
only linearly dependent on impurity concentration. 
For the electrical resistivity,the DMR is comprehensively 
reviewed by Bass (218) and Cimberle et al.(219).No com­
prehensive study of the DMR for thermal resistivities 
exists as yet. 
In principle,the lattice conductivity λ of metals 
- /Zi/-
is governed by the same scattering processes as that of 
the dielectric solids.At low temperatures the conductivi­
ty of insulators increases sharply,and one would there­
fore expect λ of metals to be a significant part of the 
О 
total thermal conductivity.The scattering of phonons by 
conduction electrons,which is absent in dielectric insu­
lators,however, forms an additional resistive process.This 
scattering,particularly at low temperatures,is generally 
large compared to the other scattering processes (impuri­
ties,etc.) prevalent in non-metals.Hence,the lattice ther­
mal conductivity in metals is much smaller than the ther­
mal conductivity of dielectric solids. 
In metals,four main processes limit the lattice 
conductivity λ : 
g 
i) The scattering of lattice waves by conduction elec­





At low temperatures this is the main contribution to the 
total phonon resistivity in pure metals. 
ii) The scattering by dislocations,represented by a 
. . -2 
phonon-dislocation resistivity W = D Τ 
W becomes important in unannealed metals.It has the same 
temperature dependence as W and therefore,the two scat-
Б 
tering mechanisms may not be unambigously separated in 
the same sample. 
iii) The scattering by point-imperfections,with a pho-
non-point defect resistivity W = Ρ T. 
This limits the lattice conductivity at higher tempera-
,τ- /¿ir-
tures . 
iv) The scattering by specimen or grain boundaries,ex-
. . -3 pressed by the phonon-boundary resistivity W = Β Τ 
В 
This occurs only at the lowest temperatures,although it 
may become important in superconductors. 
Again,according to the thermal Matthiessen's rule, 
the total lattice resistivity W = λ can be written as 
8 g 
w = w + w + w + w , . 
g WB E D Ρ (4.5) 
= BT~3+ (E + D)T~2+ PT 
B,originating from boundary scattering and P,deri­
ved from point imperfection scattering,are effective only 
at very low and high temperatures,respectively,and shall 
not be discussed further.Neither shall we include in our 
discussions W ,the thermal resistivity due to umklapp 
processes,as it is important only at high temperatures 
and negligibly small in the lower temperature regions. 
When dislocations are present,calculations of D for 
a random array of dislocations give 




an expression obtained by Ackerman (15). 
Here,h is Planck's constant,ν is the sound velocity,γ 
the Grüneisen constant,b the length of the Burgers 
vector of the dislocation,N the dislocation density 
and к the Boltzmann constant.The Ackerman result of 
Eq.(4.6) .giving a coefficient of 0.16 is well-worth no­
ting,since it is Klemens' earlier result (4,5),giving a 
numerical coefficient of 0.0435 which is most widely 
-/z¿_ 
quoted in published analyses of experimental data,but 
which overestimates by far the measured dislocation 
densities.The Ackerman formula is much more in keeping 
with the experimental findings. 
As for W,this shall be discussed in the next sub-bi 
section. 
4.2.2 Theoretical Estimate of the Lattice Conductivity. 
For pure metals at low temperatures,phonon-electron 
interactions are the dominant scattering mechanisms,which 








Klemens (3-5) has calculated E on the basis of the 
Bloch theory and found for Τ < θ 
£"'= 313/(ab4/3 θ4) (4.8) 
where b is the valence,θ is the Debye temperature and α 
is defined by Eq.(4.4).For Al and In the values for b 
and θ are given in Table 4.3. 
From Eqs.(4.7) and (4.8) a theoretical value for the 
lattice thermal conductivity of Al and In may now be es­
timated.The results are also summarized in Table 4.1 and 
4.2. In these calculations the experimental values of α 
have been used,rather than the theoretical results,ob­
tainable from Eq.(4.4).Of these,only those values of α 
should be employed,which show no dependence on impurity 
-J2Ï-
content,i.e. for which In 3 < -2.5.This is equivalent to 
-9 
the condition that ρ < 2.10 iîcm. 
о 
As will be shown later on,these theoretical predictions 
are in good agreement with the measured values of the lat­
tice thermal conductivity of Al and In,despite the fact 
that many simplificating assumptions were presupposed to 
arrive at Eq.(4.8),e.g. Klemens used a spherical energy 
surface (free electron model),a simple Debye phonon spec­
trum,and assumed that all the lattice modes - longitudi­
nal as well as transversal - interact equally strongly 
with the conduction electrons,and that umklapp processes 
in the phonon-electron interactions can be ignored. 
However,in contrast to Eq.(4.7),the measured temperature 
dependence of λ may differ somewhat from a quadratic be­
haviour.Also,more refined theories do not yield a tempe-
2 
rature dependence strictly proportional to Τ : using a 
realistic phonon spectrum,calculations of Amundsen and 
2.3 
Verbeek resulted in a Τ -behaviour for λ of Al.The 
g 
current experimental accuracies»however,do not permit a 
2.0 2.3 discrimination between a Τ " - and a Τ * -dependence. 
In nearly all cases the measured data can,with agree­
ment within the experimental uncertainties,be analysed 
2 . . . 
in terms of Τ -dependence for the lattice conductivity at 
low temperatures. 
Another method for calculating the lattice conduct­
ivity of metals is to use the theory of ultrasonic 
attenuation,whereby the attenuation coefficient α is in­
terpreted as the reciprocal of the mean free path of a 
-/19 -
phonon,before it is annihilated by collision with an 
electron,!.e. (38-43) 
1 , = α ph 
According to Pippard (38),in the free electron model the 
attenuation constant α for longitudinal and transverse 
phonons is given by 
2 -1 Nm , \_ a tan a , 
L vdx 3 ^ -1 L a - tan a 
Nm a 
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Nm a 
vTdT FT(a) 
where N is the number of electrons per unit volume,m is 
the electron mass,d is the density of the metal,! is the 
electron relaxation time,and ν and ν are the phonon ve-
locities of the longitudinal and transverse modes,respec­
tively. Furthermore 
a= q 1 
e 
where α is the phonon wave number and 1 is the electron 
e 
mean free path. 













V 5 d e F 1 e q 
(4.10a) 
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For p u r e m e t a l s : q 1 > 1 
e 
π Nmv^ 
α, = — - — F q L 6 dvT 
_ 4 Nmv. 
\~ 3π dv" 
(A. lOb) 
-F q 
For each polarization mode,the lattice conductivity is 
g з 
C(q)v(q)l
 b(q)dq ph 





with x= Лш/к Τ, and v(q) is the phonon velocity and 
1 (q) is the phonon mean free path of wave number q. pn _ j 
Substituting 1 = α ,and using τ= 1 /ν .where ν is 
the Fermi velocity,one arrives at 
λ 
3 2 
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The total lattice conductivity λ is 
g 
λ = λ
 T+ λ „, g g,L g,Τ 
For a= ql ^ l.i.e. in the pure limit where 1 becomes 
e e 




d k B T (4.12a) 
π Nmh ν,. 
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Table 4.3 : Constants of Al and In. 
Constants Al In 
D 1 (ficm2) 4. xlO 1 2 5.8 xl0~12 
o e 
Debye temperature θ (К) 428. 108. 
Metal density d (gem"3) 2.70 7.29 
Atomic weight A 26.98 114.82 
Valence b 3 3 
Scaling factors : 
А
8
=(104Ъ2/3/А ) 1.80 1.68 
B S=(b 2 / 3n 1 / 3e)" 1 2.42xl0"3 11.2 xl0~3 
Table 4.4 : Estimate of λ from the theory of ultrasonic 
8 
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X(eX-l) 2dx = 7.212 (4.12Ъ) 
Normalizing Eq.(4.11),one obtains 
Ag
s
L AL- J31 
3 χ IT 
TT f \ X e J L 
F L ( a ) ~ χ 2 d x = J~ 
L




/λ?= 4 ί Гг
т
(а) ^ ф ^ , dx= 2 ^ g,Τ L J36 ¿ Τ ^ х ^ г Лз 
In the longitudinal case 
a= ql
e
 = (xkB/h)(Tle/vL) 
and hence,the integral I is a function of (Tl /v ).The 
L e Li 
same applies for the transverse case,where I is a func­
tion of (Tl /v_). I
x
 and I as a function of (Tl ) have 
e Τ L Τ e 
been tabulated by Lindenfeld and Pennebaker (40). 
Thus (λ /λ )(TI /vT) is a universal function of g> L L e L 
(Tl /v ),independent of the sample material,and a similar 
expression is valid for the transverse case and for the 
total lattice conductivity. 
2 
Using Eq.(4.12),the residual resistivity ρ = mv^/Ne 1 , 
2 1/3 o F e 
the Fermi velocity ν = (ϋ/π0(3π Ν) ,the Debye tenroera-
1/3 ture θ= (ν h/kD) (бттп) ,the atomic weight A and the va-
L D 
lence b= N/n,where n, the number of atoms per unit volume, 
is taken proportional to d/A,the parameters of the univer-
S s 
sal function can be rewritten as Α (λ /ρ Τ) and Β (Τ/ρ ), g o о 





Fig.4.3 : Theoretical universal curves. 
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AS= 104(Ь2/3/А )
 ( 4_ 1 4 ) 
For a specific metal the universal function reduces to a 
graph of (λ /ρ Τ) against (Τ/ρ ). The relevant constants g o о 
of Al and In,necessary to obtain the universal function 
and the scaling factors, are gathered in Table 4.3. 
Fig.4.3 shows the universal function (curve A ), 
valid for every metal.The predictive value for the lat­
tice conductivity of this curve is rather low,however, 
when pure metals are concerned,as can be seen from Table 
— f t 
4.4. It is only for heavy concentrated alloys (p 2* 10 
Пет) that the right order of magnitude for λ is approxi­
mated.Also, the theory of ultrasonic attenuation leads to 
a stronger than quadratic temperature dependence of λ . 
In the pure metal limit,the universal function approaches 
a straight line,with a slope of about 2.8,yielding a 
temperature dependence of λ ' ь Т , 3 < п < 4 . 
2 8 
To obtain a Τ -dependence,one should have a curve of uni­
ty slope (curve B). As noted by Anderson and O'Hara (42), 
the universal curve A applies only to a metal with a sphe­
rical Fermi surface.For a nonspherical Fermi surface the 
electron-transverse phonon interaction is likely to be 
stronger (21).If one assumes an identical attenuation of 
longitudinal and transverse phonons,the lattice conducti­
vity would be represented by curve B. However,there is as 
yet no theoretical basis for setting α equal to α . 
1 Li 
-J¿<./-
Since both λ and α are proportional to the electron-
g 
phonon interaction,one can somewhat correct for the de­
viations of the free electron model,by multiplying λ by 
the ratio α /α , .where α is the measured acoustic 
exp theor exp 
attenuation and α , the attenuation constant from the 
theor 
Pippard theory.Applying these corrections to the measured 
lattice conductivity of several metals,collected from the 
littérature,Anderson and O'Hara (42) found fair agreement 
with the values of curve B. Indeed,as one can also see 
from Table 4.4,the values for λ ,predicted from curve В 
8 
are far better in keeping with the experimental results 
than those predicted from curve A. The λ -results,derived 
g 
from curve B,however,are independent of impurity content, 
which is theoretically unreasonable. 
4.2.3 The Separation of the Lattice and Electronic Con­
ductivities. 
To measure the lattice conductivity λ ,the electro-
g 
nie contribution λ has to be reduced drastically.The se-
e
 J 
veral methods,which exist to achieve this end,can be sub­
divided into three categories (3,4,6,7) : 
i) reduction of λ in the superconducting state 
ii) reduction of λ by alloying 
iii) reduction of λ by the application of a magnetic 
field 
-/¿s -
The question remains,however,whether such a strict 
separation of the electronic and the lattice conductivity 
is indeed possible (54). 
The standard theory assumes that the electrons move inde-
pendently of the lattice ions. The coupling between the 
electrons and the lattice is caused by the alteration in 
the potential energy,due to the displacement of the lat-
tice,and the ions are supposed to be displaced without 
being deformed.Evidently,this picture must be oversimpli-
fied, since account must be taken of the way in which the 
self-consistent field of the electrons is affected by the 
displacement of the lattice (55).Furthermore,the electro-
nic heat conduction is mostly discussed,while assuming 
that the lattice is in thermal equilibrium,!.e. carries 
no heat (56). The lattice,however,does conduct heat and 
the lattice distribution must depart from the equilibrium 
state when a temperature gradient is present.The effect 
of this on the electronic distribution is usually ignored. 
The lattice conductivity in its turn,is usually calcula-
ted by setting up a separate Boltzmann-equation for the 
phonon distribution,under the assumption that the con-
duction electrons have their equilibrium distribution. 
This way of calculating the steady-state electronic and 
phonon distribution is not strictly correct»since the 
collision integrals,which determine the rate of change 
either of the phonon or of the electron distribution 
function,depend upon the actual,non-equilibrium of both 
the distribution functions,and neither of these are known 
- / ¿ 6 -
until the steady-state equation has been solved. 
The magnitudes of these effects have been calcula-
ted by Klemens (3).In the case of an electronic deviation 
from equilibrium,a restoring influence is produced by the 
thermoelectric field which is built up as a consequence 
of the condition that the electric current should vanish, 
and the effect on the phonon distribution is of the order 
2 
of (Ιο-.Τ/ζ) ,where ζ is the chemical potential. 
a 
In the case of a phononic deviation from equilibrium,the 
effect on the electron distribution is of the order of 
(1<_Τ/ζ)(λ /λ ). Since k T < ζ and λ < λ ,both these ef-B g e В g e 
fects are negligible and can safely be disregarded. 
Thus,it appears that each system,acting on the other, 
tends to drive it to an equilibrium state,irrespective 
of its own non-equilibrium. 
A clear,quantitative exposition of these problems has 
also been given by De Vroomen (68) with the emphasis 
on phonondrag effects.Furthermore,the problem was also 
considered by Hanna and Sondheimer (73).Retaining the 
simplified assumption of a free electron gas,they set up 
two simultaneous and coupled Boltzraann equations for the 
distribution functions of the electrons and the phonons 
and solved these equations by a method of successive ap­
proximations .A more rigorous solution was obtained by 
Bailyn (74),but in all these investigations only the 
case of zero magnetic field has been treated. 
-'*?-
4.2.4 Reduction of λ in the Superconducting State. 
e 
When the temperature is lowered below the critical 
temperature Τ ,more and more electrons undergo a transi­
tion from the "disordered",thermally excited normal state 
to the "well-ordered" superconducting ground state,where 
they have zero entropy and the refore,cannot further par­
ticipate in the heat transport. 
The entropy is a measure of the disorder of a system and 
when the temperature is lowered,the entropy in the super­
conducting state reduces to zero much more rapidly than 
in the normal state.As a consequence,the specific heat 
in the superconducting state and the corresponding elec­
tronic thermal conductivity decreases much faster than in 
the normal state.Hence,at low enough temperatures one 
might expect the conductivity to be almost entirely due 
to phonons. 
The procedure to separate in the superconducting 
state the electronic thermal conductivity λ from the 
es 
total conductivity λ to obtain the lattice conductivi-
s 
ty λ is generally as follows : 
gs 
On the basis of the BCS-theory (17),Bardeen,Rickayzen and 
Tewordt (BRT) (18) obtained an exact expression for the 
ratio of the electronic thermal conductivity in the su­
perconducting and the normal state,provided that scatter­
ing due to static defects is the only significant resis­
tive mechanism,i.e. 
-/SP-

















Here 2ε(Τ) is the temperature dependent energy gap (17), 
which was tabulated by Mühlschlegel (44) for the BCS-case, 
F (-y) is a function,tabulated by Rhodes (45),while re-
cently Ramos and Sanchez (46) has tabulated R = λ /λ 
J
 e es en 
Assuming lattice defects and impurity scattering only, 
λ = L T/p is given by the WF-law (Eq.(4.2)) and 
en о о ö J 
λ = λ - R L Τ/ρ (4.16) 
gs s e о о 
However,it is difficult to ascertain that electron-defect 
scattering is indeed the only or dominating resistive me­
chanism.This may be the case in unannealed metals and al­
loys,but is not likely for well-annealed,pure metals. 
If electron-phonon scattering is appreciable, 
2 -1-1 
λ = (OÍT + βΤ ) (Eq. (4.3)),and in that case Kadanoff 
and Martin (19) obtained 
λ 
R = e S 
e λ _ 2 , 
en 2π ¿ 
d(8e)(Be)2sech2(ße/2) χ 
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Неге, В = к Τ and Е= (ζ + ε ) is the excitation enei— 
В 
gy of the quasiparticles,where ζ is the Bloch energy in 
the normal state,relative to the Fermi energy and ε is 
the superconducting gap energy,while a is defined as the 
ratio of phonon to impurity resistance at Τ ,i.e. 
a= W./W = αΤ3/β (4.18) 
I O с 
In the limit of impurity resistance only (a= 0),Eq.(4.17) 
is identical to the BRT-expression of Eq.(4.]5). 
Aluminium seems to be in good accord with the BRT-
formula (20),while Indium is found to be in better agree­
ment with the Kadanoff-Martin theory,with a=1.3 (21). 
However,when taking transverse lattice waves into account 
as well (24),Indium also appears to be in keeping with 
the BRT-theory.The results of the lattice conductivity 
measurements in the superconducting state for Al (Τ =1.19 
К) and In (Τ = 3.4 К),as obtained from the literature, 
are summarized in Table 4.5. These results as presented 
here,do not appear in this straightforward form in the 
cited references,but had to be extrapolated from the 
published data. 
For Al,the obtained lattice conductivity is more than an 
order of magnitude too high,as compared with the theore­
tical predictions of Table 4.1. In view of the high dis­
fi — 9 
location density (Ν /υ 10 cm ) present,this is the more 
d 
unexpected.The results for Indium,except for the lowest 
temperatures (25,65),show an increase of λ with de-
creasing temperature.This can be attributed to the fact, 
- /i/o -
Table 4.5 : Experimental λ -values of pure and alloyed 
Al and In in the superconducting state. 
















































































































that as the temperature is lowered,more and more elec­
trons are removed as scattering centers of the phonons 
by going into the superconducting groundstate,so that the 
lattice conductivity becomes larger. 
It should be noted at this point,that λ is peculiar to 
gs 
the superconducting state and is not the same as that 
appertaining to the normal state,where electrons can in­
teract with the phonons and so reduce λ .As the electrons 
gn 
fall into the superconducting state,they cannot be scat­
tered by the phonons,but conversely,the phonons themsel­
ves will not be scattered by these electrons,and the lat­
tice conductivity increases.At the lowest temperatures, 
boundary scattering becomes important and the lattice 
3 
conductivity decreases again.proportional to Τ (25,26,65). 
Hence,the lattice conductivity of a superconductor ap­
pears to follow the behaviour of a dielectric solid, 
rather than that of a normal metal. 
Apart from the fact that not all metals become su­
perconducting,which make this method not generally appli­
cable to all metals,it follows from our analysis that 
for practical as well as theoretical reasons,the reduc­
tion of λ by going into the superconducting state can­
not be used as a good method for the measurement of the 
lattice conductivity of pure metals. 
In their fundamental article,BRT (18) also obtain­
ed expressions for the lattice conductivity of a super­
conductor in both the normal and the superconducting 
state.In the low temperature limit λ reduces to 
gn 
-/yz -
Table 4.6 : Experimental λ -values of pure and alloyed 
Al 
Sample ρ 104λ /Τ 2 10~6p~1 104λ ρ"1 Ref. 
-6° S, _! 0 8 0 







































































































































λ = 7.2 П(Т/ ) 2 (4.19) 
The constant D is independent of temperature and appears 
also in the BRT-formula for λ . Given λ ,a more sensi-
gs gs 
b l e procedure would be to f i t the measured data to the 
BRT-expression for λ to obta in D.and subsequently c a l -
gs 
culate λ from Eq.(4.19). 
gn 
4.2.5 Reduction of λ by Alloying. 
The thermal resistivity of the electronic heat con­
duction,as expressed by Eq.(4.3) 
W = W + W.= βΤ -^ αΤ (4.3) 
e o i 
was first obtained by Wilson (10). In a more modem way, 
Kadanoff and Martin (19),using many-body theory,arrived 
at the same result.The constant β is related to the elec­
trical residual resistivity ρ through the WF-law: 
13= ρ L - 1 (4.2a) 
о о 
while in theory,« is independent of the impurity content. 
Adding impurities to the host metal will enhance β and 
consequently,decrease λ = W . This is most pronounced at 
е е 
low temperatures. 
In contrast to their effect on the electronic con­
duction,the impurity atoms,being point defects,will only 
scatter the shorter lattice waves,and leave the low tern-
-ы -
Table 4.7 : Experimental λ -values of pure and alloyed 
In. 
Sample ρ 104λ /Τ 2 10~6p~1 Ι04λ ρ"1 Ref. 



































































perature,long wavelength phonon conduction unaffected. 
Thus the addition of impurities will decrease λ far 




fraction of the total conductivity at low temperatures 
than it is the case in the pure metal. 
The addition of impurities is best achieved by alloying 
with suitable elements,ideally with those having dif­
ferent valence but approximately equal atomic mass and 
radius,so as not to introduce lattice defects. 
The measured λ values of Al- and In-alloys,as they ap­
peared in the literature,have been assembled in Table 
4.6 and Table 4.7,respectively. 
To separate λ from λ .one assumes that at low g e 
temperatures 
i) λ is limited by static,nonmagnetic impurity scat­
tering only,i.e. 
λ = W"^ β^Τ = ρ"1! Τ (4.20) 
e о о о 
This should be checked by measuring the electrical 
resistivity to see if it is indeed correlated by 
the WF-law. 
ii) λ ,both for pure and alloyed metals,is limited by 
О 
phonon-electron scattering,!.e. 
λ = \€}= E^T 2 (4.21) 
8 b 
The total conductivity of the alloyed metal will then be 
of the form 
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Fig.4.4 : The lattice conductivity of Al-alloys as a 
function of their residual resistivity (data 
taken from ref.(32)).The cross-mark represents 
the result of the lattice conductivity of pure 
Al,as obtained in this thesis. 
- / / / -
Plotting λ/Τ versus Τ a straight line is drawn 
through the data points with a slope,equated to E ,and 
an intercept 3 on the λ/Τ-axis.It should be verified 
that this intercept has indeed the value ρ L . 1
 о о 
Doing this for alloys containing different percentages 
of solute atoms,and plotting the resultant E -values 
against the corresponding percentage of solute atoms, 
A= E of the pure (0 % solute atoms) metal can be ob­
tained by extrapolation,and this yields 
λ = AT 2 
g 
This procedure was employed by Sladek (31) for In-Th al­
loys, to obtain the lattice conductivity of Indium.In this 
2 
analysis,however, a Τ -dependence is assumed a priori,and 
what one measures is but the proportionality constant A. 
For Aluminium,Klaffky et al.(32) obtained an expe­
rimental temperature dependence of λ from Al-Mg alloys, 
О 
by substracting λ from the measured thermal conductivity 




 . . -1 -1 2 The electronic conductivity λ = ρ L Τ + αΤ was cal-3
 e о о 
culated,using the measured value ρ of the alloy and a 
value for α as obtained by others for pure Al,taken from 
the literature. 
Finding at low temperatures 'no difference in the lattice 
conductivity of alloys with different impurity content, 
they conclude that it also represents the lattice conduc­
tivity value for pure Al.More or less the same procedure 
was followed by Amundsen et al.(33) in the case of Al-Cu 
- "SS -
alloys.Both obtained good agreement with the theoretical 
estimates of Table 4.1. 
The fact,however,that two samples with a residual resis­
tivity of 1.86 uficm and 2.81 pficm,respectively (32)yiel­
ded identical values for their lattice conductivity,con­
stitute insufficient evidence for the conclusion that the 
resultant lattice conductivity is independent of impurity 
content and may be identified with the lattice conducti­
vity of the pure sample.Indeed,in a plot of all the λ -
results as obtained by Klaffky et al. (32) against- the 
corresponding residual resistivities,a ρ -dependence may 
0
 -Λ 2 
still be seen (Fig.4.4).Their result of λ = 0.8x10 Τ 
-1-1 . 8 . 
Wem К therefore»despite their claim that it represents 
the first reliable value for the intrinsic lattice ther­
mal conductivity of well-annealed Aluminium,may be too 
low. 
The values obtained by Powell et al.(35) range from 
-4 -4 -1 -3 
A= 0.9x10 to 2.5x10 Wem К ,but no clear dependence 
on ρ could be detected. 
0
 -4 -1 -3 
The value of A= 60x10 Wem К .reported by Taubert et 
al.(34) for an Al-Mg alloy is far too high and remains 
unexplicable. 
The value of A= 0.52 Wem" К »given by Willot (72),is 
well-nigh impossible.Willot measured on polycrystalline 
wires with a diameter of 1 mm.Estimating the phonon mean 
free path from the kinetic formula 
λ = \ Cvl g 3 ph 
-f/d-
3 22 
where C= 234 ЬТсЛТ/ ) is the specific heat,N= 6x10 
-3 . . 5 . 
cm is the atomic density,v= 3x10 cm/s is the sound ve­
locity.leads to a value of 1 = 20 mm at 1 K,i.e. 20 times 
ph 
the diameter of the sample. 
Table 4.6 and Table 4.7 also show the (λ /Tp )- and 
8 о 
(T/p )-values at T= 1 К for the different alloys.These 
values are plotted in Fig.4.5,together with the theoreti­
cal universal curves for Al and In.The good agreement in 
the case of Indium between the theoretical curve and the 
experimental values is but a fortuitous coincidence: for 
T= 10 K.both the (λ /Tp )- and (T/p )-coordinates would 
g o о 
be a factor 10 higher.For intermediate temperatures the 
values would lie upon a line,parallel to the B-curve,con­
necting the 1 К point to the 10 К point. 
The alloying technique has been the most used 
method to obtain the lattice conductivity of metals.Much 
of our present knowledge of λ has been derived in that 
. .
 g 
way.Several complications may arise.however,in employing 
this method : 
i) The addition of impurities will alter the phonon 
spectrum,which will also change λ .This can be mi-
О 
nimized by using solute atoms of approximately equal ato­
mic weight and radius as that of the solvent metal. 
ii) λ varies surprisingly rapidly for very small con-
centrations of solute impurities,which is due to 
changes in the band structure of the parent metal (36). 
iii) The introduction of impurities is associated with 
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Fig.4.5 : Comparison of the experimental lattice conduc­
tivity results of Al- and In-alloys with their 
respective theoretical curves. 
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locations,which decrease λ at low temperatures.Scatter-
g
 -2 ing by dislocations give the same Τ -dependence of the 
thermal resistivity as scattering by electrons.Thus λ 
of alloys may be systematically smaller than λ of pure 
metals (40). 
iv) Alloying changes the electron concentration and 
hence the amount of scattering (37). 
v) The alloying method is not applicable to the alkali 
metals,because the only alloying elements available 
for use,also reduce λ besides λ ,so that the λ of the 
g e g 
alkali alloys may not be a good indication of that of the 
pure metal (41). 
vi) The validity of the thermal Matthiessen's rule,i.e. 
the approximation,whereby the thermal resistivity 
is regarded as being additively composed of the resisti­
vities of the different scattering processes present,be­
comes progressively poorer,the more these scattering pro­
cesses differ from each other in their frequency depen­
dence . 
Particularly in alloys,the phonon-electron scattering and 
point defect scattering vary as the first and fourth po­
wer of frequency (3),respectively,and the resistance is 
underestimated by the thermal Matthiessen's rule. 
Furthermore,the effects of point defects become appre­
ciable at somewhat lower temperatures than one would have 
expected from the additive resistance rule (66). 
. 2 
vii) At low temperatures λ may not follow a simple Τ -
law for alloys.This can be due to several effects: 
- /Si -
a) The magnitude of the electronic mean free path 1 , 
relative to the phonon wavelength,or its inverse, 
the phonon wave number q,as first pointed out by 
Pippard (38). 
Using the kinetic formula 
λ = 4 Cv 1 . g 3 s ph 
. . 3 . 
where the lattice specific heat С Œ Τ , ν is the sound r
 s 
velocity and taken as constant and the phonon mean free 
path 1 = α ,the temperature dependence of λ may.be 
derived. The mean phonon frequency ω= ν q changes as T. 
From Eq.(4.10) it follows that if ql > \, a varies as q, 
2 . e i.e. as Τ and hence λ <* Τ ; but if ql ^ 1, α varies as 
2 . 2 g e 
q ,i.e. as Τ ,and thus λ <* T. 
It was indeed found (39) that in alloys of high resistance 
and using 
λ = AT2+ g - 1! (4.22) 
g 
2 
the Τ -term is smaller than would be expected,and the 
T-term considerably larger than would be deduced,by using 
the WF-law.It would be desirable to measure the lattice 
conductivity of a heavy concentrated alloy over a wide 
range of temperatures to observe the transition between 
2 
the two types of behaviour,i.e. from a Τ - to a T-beha-
viour as the temperature is lowered. 
b) In the simple theory the effect of the transverse 
phonons are either completely neglected or treated 
on an equal footing with the longitudinal lattice 
waves : the relative magnitude of the heat,transported by 
_ /S J -
the transversal and longitudinal branches are taken as 
either λ„/λ
τ
 ^ 0 or 1. 
Τ L 
It was found,however,that in alloys λ ,rather than λ ,is 
1 i-l 
by far the dominating term in the heat conduction,and that 
λ_/λ. =" 1 for ql < 1 only.But as ql becomes larger, λ^ 
Τ L e e l 
rises more rapidly than λ and approaches a cubic depen-
dence on the temperature (40). 
c) The effect of boundary scattering may mask the tem­
perature dependence due to electron-phonon interac­
tions in a complicated way (43). 
d) Non-static,thermally excited impurities (222) may 
induced a more complicated temperature dependence 
of the residual thermal resistivity W than was de-
o 
rived by assuming a constant residual resistivity 
and the validity of the WF-law. 
It follows from these considerations that some caution 
must be exercised in evaluating the results for the lat­
tice conductivity of pure metals,derived by an extrapola­
tion from the values acquired for alloys.Yet,the results 
obtained by the alloying method are in reasonably good 






Fig.4.6 : Different configurations to reduce λ by means 
of a magnetic field: a) standard configuration 
b) zigzag configuration, c) Corbino configura­
tion. 
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4.2.6 Reduction of λ by the Application of a Magnetic 
Field. 
The above considerations show that the superconduc­
ting method is not to be recommended for the acquisition 
of the lattice conductivity of metals,while the alloying 
method introduces uncertainties in one's knowledge of λ 
g 
of the pure crystal,though the error may be small. 
The only method,specifically applicable to a pure-
crystalline,normal state metal is the magnetic field 
method.Furthermore,unlike the alloying technique,where 
2 . . . . 2 
a Τ -dependence is a priori assumed,i.e. λ = AT , and 
О 
only the constant of proportionality A of the pure metal 
can be obtained,the magnetic field method permits a di­
rect experimental determination of the temperature de­
pendence of λ . g 
When a magnetic field Η is imposed on a metal,which 
is also subjected to an electric field E,the electrons 
experience an acceleration,due to the so-called Lorentz 
force 
F= e(E + (ν χ H)/c) (4.23) 
where ν is the group velocity of the electrons. 
To see the effect of the magnetic field on the electro­
nic flow : consider a metal in the nearly free electron 
approximation,with a spherical Fermi surface,where only 
closed electron orbits exist.Since the electron motion in 
the direction of the field is not affected by the Lorentz 
- IS é -
force,one would not expect the field to have a large 
effect on the conductivity parallel to H. 
But an electron trying to move at right angles to H, is 
deflected by the field and goes around in tight circles 
- the higher the field,the smaller the circles.The accel-
eration it gets from the electric field on one side of 
the circle is mostly cancelled by its decelleration on 
the other side.Thus the transverse magnetoconductivity 
is lowered at high fields,due to a positive transverse 
magnetoresistance. 
In the standard configuration (Fig.4.6),which con-
sists of a strip,aligned parallel to the xy-plane and 
through which a current is passed,while the magnetic 
field is applied perpendicular to it in the z-direction, 
the electrical or thermal magnetoresistance is counter-
acted by the Hall effect or its thermal equivalent,the 
Righi-Leduc effect,respectively. 
Indeed,in nearly all the standard textbooks on solid 
state physics (e.g. 47-49) one finds proved that in the 
free electron model no transverse magnetoresistance 
exists.However,the validity of these proofs rest upon the 
unrealistic assumptions of either a relaxation time in-
dependent of electron velocity,or of zero temperature (50). 
In theory (51),as well as experimentally,a positive trans-
verse magnetoresistance is nearly always present,leading 
to a field dependent change in the magnetoconductivity. 
To separate then,in the standard configuration,the 
lattice from the electronic conductivity,one generally 
-/Г/-
measures both the thermal conductivity λ(Η,Τ) and the 
electrical conductivity σ(Η,Τ) as a function of field 
at different temperatures. 
Defining the Lorenz function L(T) as 
L(T)= λ (Η,Τ)/σ(Η,Τ)Τ (4.24) 
e 
one finds for the total thermal conductivity 
λ(Η,Τ)= TL(T)o(H,T) + λ (Τ) (4.25a) 
Plotting λ(Η) versus σ(Η) at different T-values,should 
then yield straight lines with a slope TL and an inter­
cept λ .Altematively,Eq(4.25a) can also be put into the 
form 
L(H,T)= L(T) + λ (T)p(H,T)T~1 (4.25b) 
g 
where p(H,T) is the resistance as a function of field 
and temperature. 
These methods are based upon the assumptions that 
i) both the thermal and the electrical magnetoconduc-
tivities λ (Η) and σ(Η) are decreasing with the 
same dependence upon H. 
ii) the Lorenz function L(T) is independent of the ap­
plied magnetic field 
iii) λ (Η) and σ(Η) are both zero,when Η is infinite 
iv) λ is not influenced by Η 
g 
The advantage of the method as expressed by Eq. (4.25a) is, 
that an exact knowledge of the field dependence of λ (Η) 
and σ(Η) is not required.However,doubts exist as to the 
validity of assumtion ii),which of course,is but a con-
-ISS -
sequence of assumption i) .In fact,both theoretical con­
siderations (52) as well as experimental evidence (2,53) 
adduce,that in general,L is not independent of H. 
With regard to assumption iii) : this holds only for closed 
orbit.compensated metals or for metals with open orbits. 
For uncompensated metals with a closed Fermi surface like 
Al and In,theory (84-89) predicts a saturation for λ (Η) 
and σ(Η) in strong magnetic fields.It is not correct then 
to extrapolate to σ(Η)= 0,but the graph should be extrapo­
lated to its end point at σ(Η)= σί00) instead.This would 
give a somewhat larger value for λ than extrapolating to 
σ(Η)= 0. 
As for assumption iv): there is of course,no direct effect 
of Η on λ ,but in the temperature range where λ is li-
g " g 
mited by electron-phonon scattering only,one may surmise 
an indirect effect on the lattice conductivity as the path 
of the electrons are changed by the magnetic field.Makin-
son (56) has shown that the interaction of the lattice 
with the electrons depends solely upon the equilibrium 
properties of the lattice,provided that the electronic 
distribution is in equilibrium.Extending these arguments, 
Sondheimer and Wilson (52) argued,that no extra complica­
tion .is introduced by the presence of a magnetic field, 
and they obtained the same results for λ whether a mag-
g 
netic field was present or not. 
Thus,under the assumptions that the lattice non-equili­
brium has no influence at all on the electronic distribu­
tion and that the electronic non-equilibrium leaves the 
-/se-
lattice distribution unaffected,a magnetic field is ex-
pected to have no effect on the lattice conductivity. 
As explained in subsection A.2.3,these assumptions rest 
on a safe basis and the correction terms accounting for 
the non-equilibrium effects are negligibly small. 
These effects can also be translated in terms of the pho-
non drag (68).It will be recalled that phonon drag is a 
phenomenon,arising from the interaction between an elec-
tron current and the phonon system,or equivalently, a 
phonon current on the electron system.If in a metal a 
phonon current is set up,say from left to right,as a con-
sequence of a temperature gradient,the electrons are more 
likely to absorb a phonon which travels to the right than 
one traveling to the left,since more of the former are 
present.Consequently,the electrons,absorbing the phonon 
momentum,are dragged along by the phonons just as in a 
viscous flow.On the other hand,the excess of hot electrons 
drifting down the temperature gradient must also drag the 
phonon distribution preferentially in one direction. 
Tsuji (75) has considered the effect of an external mag-
netic field on the phonon drag.He could show that for a 
free electron gas and an isotropic metal (polycrystalline 
sample) the phonon drag effect can be seen in the thermo-
electric power,but does not appear in the galvanomagnetic 
and thermomagnetic effects.For anisotropic me taIs,however, 
the non-equilibrium distribution of the phonons ads a pho-
non drag term to the Righi-Leduc coefficient in the pre-
sence of a magnetic field,if the departures from a sphe-
— і о — 
rical Fermi surface are significant.Paul (77) has also 
calculated the effects of the non-equilibrium distribu­
tion of the phonons on the thermal conductivity and the 
thermomagnetic effects of metals,but,as pointed out by 
Tsuji (75),his article contains some important errors, 
which invalidate his results.Seemingly unaware of the 
works of these authors,Flerov (76) has again considered 
this problem and reach the same conclusions about a ne­
gligibly small effect of the electronic and phononic 
non-equilibrium in non-zero magnetic fields. 
The magnetoresistance would be greatly enhanced, 
if the formation of the Hall field in the electrical,and 
the Righi-Leduc field in the thermal case could be pre­
vented.These fields arise from boundary conditions and 
are essentially geometric effects (69).To surmount these 
boundary effects,special configurations can be utilized, 
which amounts to an artificial extension of one of the 
sample boundaries to infinity. 
A technique,first employed by Cotti (57,58) for 
the electrical conductivity and subsequently by Thorn 
and Wyder (59) for the thermal conductivity of Indium, 
is the so-called Zigzag configuration (Fig.4.6b). 
The sample consists of a metal strip which is folded in 
a zigzag form while a magnetic field is applied perpen­
dicular to the planes of the folds.In this configuration 
the magnetic field will appear to have switched direction 
in each successive fold with regard to the electronic flow. 
The sideways deflections due to the field will be alter-
_ / ¿ / -
natively in a clockwise and counterclockwise direction, 
thereby apparently cancelling each other and preventing 
the formation of the Hall voltage at the boundaries. The 
data can be analysed,using the theory of Lippmann and 
Kuhrt (70) of the electronic flow in a rectangular sample, 
with a magnetic field perpendicular to the plane of the 
sample. Thorn and Wyder (59) has used this technique to 
obtain the Righi-Leduc constant for Indium only,but this 
method can equally well be employed to obtain the lat-
tice conductivity,especially when it is supplemented by 
a simultaneous measurement of the electrical conductivity. 
Obviously,this method cannot be used when single crystals 
or bulk materials are to be measured.This technique is 
suitable only to measure λ in metal foils where size ef-
g 
fects have to be included.Also,the folding will introduce 
extra dislocations which will have a considerable influ­
ence on the transport properties of the lattice. 
Another geometry,which prevents the formation of 
the Hall or Righi-Leduc field is the Corbino configura­
tion (Fig.4.6c)The sample consists of a thin cylindrical 
disk,perforated by a central hole while the magnetic field 
is applied perpendicular to the plane of the disk.The heat 
current comes in at the inner boundary and if no field is 
present»traverses the sample radially to the outer peri­
meter.If a magnetic field is present,the electronic heat 
carriers acquire a velocity component,perpendicular to 
their tangential direction and reach the outer edge not 
in a straight line but in a logarithmic spiral.In the li-
-/¿г -
mit of an infinite magnetic field strength,this 
velocity component will dominate and the electronic heat 
current will flow perpendicular to the temperature gra­
dient,whirling around in the sample and not reaching the 
outer rim at all.In this way a considerable reduction of 
the electronic thermal component can be achieved. 
In the high field limit,standard theory (52) gives 
for the electronic thermal conductivity 
λ (H)= (^-)Н"2 (4.26) 
\: L 
where W(H) is the thermal resistivity and A is the Ri-
RL 
ghi-Leduc constant.The total thermal conductivity is then 
A(H
>
T)=( W (" , T ) )H 2+ λ (Τ) (4.27) 
4 L < T > 
2 
If W(H,T)/ADT (T) has a constant value,Eq.(4.27) permits 
the evaluation of λ .At high fields A„T is indeed con-
g RL 
stant (196) while for uncompensated metals with a closed 
Fermi surface like Al and In,theory (84-89) predicts W(H) 
to reach a saturation value.Measuring λ as a function of 
-2 
Η at different temperatures and plotting λ versus Η 
should then yield straight lines with intercepts λ at 
-2 . g 
Η = 0.However,experimental evidence show,that both the 
electrical and electronic thermal resistivities of Al and 
In do not saturate but increase linearly with field and 
-2 
that a graph of λ versus Η does not yield a straight 
line (72,73),thereby complicating the extrapolation pro-
-2 
cedure to Η = 0 . 
-/¿3-
The extrapolation to infinite fields is the cru-
cial feature of the magnetic field methods. This extrapo-
lation cannot be executed properly,unless the field de-
pendence of the electronic thermal conductivity is well 
known. To appreciate this point,we shall discuss the 
field behaviour of λ (Η) in the next subsection. 
e 
There are surprisingly few references in the lite­
rature,which report measurements to determine the lattice 
conductivity of Al and In by means of the magnetic field 
me tho d. 
For Indium there is none,except our preliminary publi­
cations (159,160) of the results,fully described in this 
thesis. 
For Aluminium there is only one : Sirota et al.(71) have 
measured the thermal conductivity of an Al single crystal 
(RRR= 6000) in the standard configuration in the tempera­
ture range between 6 К and 57 К and in fields up to 5 T. 
In the small temperature interval between 10 К and 12 К 
they found no change in the thermal conductivity when the 
field is enhanced from 3 Τ to 5 T.xtfhile for temperatures 
below and above that interval λ decreases.From this field 
independent behaviour they conclude that in the 10 - 12 К 
temperature region they have measured the lattice conduc­
tivity of Al,which in that region could be'expressed in 
the following form 
λ = 0.383 T3exp(- 0.26 T) 
-1 -1. . 2 
For 10 Κ, λ = 28 Wem К . Equating this value to λ = AT 
^ . . 2 -I ^1 
for a rough es tímate,one obtains λ = 0.28 Τ Wem К , 
g 
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which is about two orders of magnitude too high as com­
pared with the theoretical estimates (Table 4.1) and the 
results from Al-alloys (32,33 and Table 4.6). 
4.2.7 The Magnetic Field Dependence. 
The influence of a magnetic field on the conducti­
vity of a metal is due to its effect on the motions of 
the electrons.However,the simplest variant of the electron 
theory of transport phenomena (the relaxation time ap­
proximation for one group of charge carriers with an iso­
tropic and quadratic dispersion law, i.e. the free elec­
tron model ) cannot even qualitatively explain the depen­
dence of the electronic resistivity on the magnetic field. 
It can be shown (88) that the resistance in the pre­
sence of a field is always greater than the zero-field re­
sistance,both in the electrical as well as in the thermal 
case,and that this conclusion can be based solely on the 
observation that the collision operator in the Boltzmann 
equation is independent of the magnetic field. 
Yet,the free electron model does not yield a non-zero 
magnetoresistance,so that more complicated models must 
be adopted to explain the experimentally found magneto-
resistance (MR) effects .These experimental observations 
on simple crystals in the limit of high fields,can be 
subdivided into the following categories : 
2 i) The MR continues to increase proportional to Η , 
-,6 s-
irrespective of the field and electronic current 
orientations with regard to the crystallographic 
axes. 
ii) The MR saturates,!.e. after an initial quadratic 
increase,changes into a much lower field dependence. 
2 iii) The MR increases proportional to H for certain 
orientations,but saturates for others. 
iv) The longitudinal MR always saturates. 
v) Instead of a saturation a linear increase with H, 
both for transverse and longitudinal MR,is observed. 
We have ignored the oscillatory variations of the elec­
trical resistivity,the so-called Shubnikov-De Haas effect. 
But this effect is usually small and except for Bismuth 
(83),has not been seen in thermal conductivity measure­
ments. As for the high field limit,an upper bound is posed 
by the quantum condition 
PBH < ε ρ 
where ε is the Fermi energy.This condition requires that 
5 . . 
for most metals the field be smaller than 10 T, a limi­
tation not likely to be violated. 
To explain the experimentally observed,finite MR, 
Sondheimer and Wilson (10,52,78) have considered the case 
of a metal having two overlapping parabolic bands of car­
riers.They assumed a separate,but constant relaxation 
time for the carriers in each band and neglected inter-
band transitions. 
Defining the thermal magnetoresistance as 
- i t i -
AW W(H) - W(0)_ λ(0) - λ(Η)
 (. Λ 
Ί Γ w(0) λ(Η) ^'Δα) 
where W(0) and W(H) are the thermal resistivities in zero 
and non-zero fields,respectively,they found in the high 
field limit 
λ1λ2
 ( \ +
 λ2 )2 ( Η ^ 
(4.29) 
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where η.,η are the densities of the carriers (electrons 
and holes) of the respective bands,and λ-,λ the partial 
conductivities at zero field. 
For n.= n,. 
'2 · 
^ AH 2 (4.30) 
which shows the quadratic field dependence. 
For η ^  η : 
AW_ BH2 
"W 2 ( 4 · 3 , ) 
1 + CH 
which in the limit of infinite fields saturates to the 
constant value B/C.For the longitudinal MR they found a 
zero result. 
Although the two-band model is capable to explain quali­
tatively some aspects of the MR,it is too simple to ex­
plain all the established features or to enable quantità-
_ / ¿ 7 _ 
tive results to be obtained.However,as a first approxima-
tion it remains useful and for intermediate fields one 
still has to resort to the two-band model,as fuller 
fledged theories are not available yet. 
For Al (79) and In (80) it follows from the topology 
of their Fermi surfaces that roughly 
i) the first zone is full 
ii) the second zone is hole-like,with a hole density of 
1 hole per atom and a cyclotron mass m = m (m is 
J
 c o o 
the free electron mass) 
iii) the third zone is electron-like,with an electron 
density of a few percent of an electron per atom 
and m = 0.1 m 
с о 
iv) the fourth zone is empty 
In dealing with these metals we are thus concerned with 
two-band conduction in an uncompensated (i.e. η ^ IL ) 
metal,and one expects Eq.(4.31) to hold and the MR to 
saturate at high fields.This is indeed found to be the 
case,although sometimes a linear increase with field is 
still observed. 
An alternative way to describe the thermal MR is by 
the similarity relation derived by Kohier (81) 
TT F4> <^> 
It asserts that a plot of AW/W as a function of H/WT 
generates the same curve 
i) at all temperatures for the same sample 
ii) for all specimens of the same material 
-i(,9 -
Kohler's rule can be deduced from general conside­
rations of the Boltzmann transport equation in a relaxa­
tion time approximation (2,3,9).Chambers (82) suggested 
the following criteria for the validity of Kohier's rule: 
i) Collisions can be described in terms of a relaxa­
tion time т(к). 
ii) The filled region in k-space does not change appre­
ciably in size over the range of temperature or im­
purity content considered. 
iii) Changes in temperature or purity alter all т(к) by 
the same factor. 
Indeed,Eq.(4.32) is but a special case of Eq.(4.29) under 
the assumption that all charge carriers experience the 
same relaxation time. 
If different scattering mechanisms are simultaneously 
-1 „ -1 -, ν present,a common relaxation time τ = Στ. can only be 
defined if all the individual scattering processes are 
isotropic. 
Kesternich et al.(109) have developed a derivation of 
Kohier's rule without applying the relaxation time ap­
proximation. They consider only one type of defect and use 
the fact that the scattering probability of the conduction 
electrons is proportional to the defect concentration. 
They could show that Kohier's rule is exactly valid if 
the concentration but not the kind of scattering centers 
is changed.Hence,deviations of Kohler's rule is due solely 
to different types of scattering centers.The effective­
ness of their approach is well demonstrated by the mea-
-/by -
surements of Boning et al. (211,212) who varied the defect 
concentration in Al by neutron irradiation.Increasing the 
temperature,however,besides changing the phonon concentra­
tion,will also change the type of defect,as the phonon 
wave number and hence the momentum transfer to the scat­
tered electron increases,and this approach cannot be used 
to study the temperature dependence of the magnetoresis-
tance. 
Kohier's rule can most easily be understood in terms 
of the characteristic dimensionless parameter ω τ ,which 
с 
determines the role of the magnetic field.Here и = еН/т* 
is the cyclotron frequency, τ = 1 /v the electron relax­
ation time and 1 the electron mean free path.It is usual 
to speak of "strong" or "high fields" when ω τ > 1 and of 
"weak" or "low fields" if the opposite inequality is sa­
tisfied. Since 1 ^ (WT) , ω τ is equivalent to the Kohier 
e с 
parameter Н/WT.Thus it has become standard practice to 
present magnetoresistance data in a Kohier plot : 
Δρ/ρ versus H/p for the electrical and AW/W versus H/WT 
for the thermal magnetoresistance,or equivalently,Ap/p 
versus ω τ
 Ί
, AW/W versus ω τ , ,where different relaxa-
c el с th 
tion times are assumed for the electrical (τ .. ) and the 
el 
thermal (τ , ) case. 
The thermal MR measurements of Aluminium (71,155, 
156) have not been put into a Kohier plot,but for Indium 
Jones and Toxen (12) and Wyder (2) found considerable de­
viations from Kohler's rule,especially at high fields and 
high temperatures.At low fields better agreement with a 
-tfo-
reduced curve was obtained if the MR was plotted against 
H/W instead of H/WT. De la Cruz et al.(13).however,found 
the conventional thermal Kohler's rule well satisfied 
and Bressan et al.(14) could show that their experimental 
data,properly scaled,could be plotted on a single uni-
versal curve; not only for different temperature and field 
values but also for samples of different impurity content. 
The deviations from Kohler's rule may be due to the fact 
that for thermal carriers the presence of a large amount 
of phonon scattering prohibits the use of a well defined 
relaxation time. 
Recently,however,Kagan and co-workers (213,214) 
have developed a quantitative theory which may provide an 
explanation of the deviations of Kohler's rule.According 
to the Kagan theory the resistivity of a metal depends 
significantly on the anisotropy of the electron distribu-
tion function. This anisotropy arises mainly as a result 
of umklapp processes in the electron-phonon interactions. 
For very pure metals at zero field the anisotropy highly 
reduces the resistivity.When either the impurity content 
or the magnetic field is increased,however,isotropy is 
restored with a subsequent increase of the resistivity. 
The anisotropy function is peaked at a certain tempera-
ture and this is reflected in the magnetoresistivity,the 
more so the higher the field strength or the more impure 
the sample.Thus the Kagan theory predicts a peak in the 
temperature behaviour of the magnetoresistance and this 
prediction has indeed been corroborated by experimental 
evidence(209). 
-'Г-
This peak-effect indicates an obvious violation of Koh­
ier' s rule.According to that rule,the magnetoresistance 
Δρ/ρ is an increasing function,only dependent on H/p. 
For temperatures at the "uphill" side of the peak in the 
magnetoresistance,an increase in temperature at a fixed 
field,would mean a higher p, consequently a decrease of 
H/p which should always lead to smaller values of Δρ/ρ, 
in contrast to the experimentally observed behaviour. 
Presumably,the same mechanism is at work in the thermal 
magnetoresistance. 
In 1957,Lifshitz,Azbel and Kaganov (LAK) developed 
a rigorous,general and microscopic theory of the galvano-
magnetic (84) and thermomagnetic (85) effects of metals 
in the high field limit ω τ > 1,which was able to predict 
all the observed effects,except the linear magnetoresis­
tance. A comprehensive description of their theory can be 
found in refs.(86-89). 
The dependence of the resistivity tensor components on 
the magnitude and direction of the magnetic field cannot 
be determined for an arbitrary value of the field,as they 
vary with the details of the scattering processes and are 
considerably affected by the dynamic properties of the 
conduction electrons.In the high field 1 imit,however,LAK 
have shown that the asymptotic field behaviour of the re­
sistivity tensor components are independent of the nature 
of the scattering mechanisms and are solely determined by 
the geometrical structure of the Fermi surface of the me­
tals . 
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In this,LAK differed from the previous theories,where 
specific assumptions were made about the electronic 
scattering mechanisms and the energy distribution of the 
electrons.However,the temperature dependence and the ab­
solute magnitude of the MR,are still dependent upon the 
scattering processes. 
The LAK theory was mainly developed for the galva-
nomagnetic processes.But LAK have also shown (85) that 
the asymptotic form of the thermal conductivity tensor 
is identical to the electrical conductivity tensor in its 
field dependence and that in the high field limit the one 
is related to the other by the WF-law.The conditions for 
this to be valid are : 
i) ω τ > ] 
с 
ii) elastic scattering 
iii) λ > λ 
e 8 
Under these assumptions the general asymptotic form of 
the thermal conuctivity tensor is 
-2 -1 -V 
a H a H a Η 
xx xy _„ xz _ 
λ (Η) -ъ I -a Η ' a H a Η I (4.33) 
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According to the Onsager relations : 
aik= -\i 
and in general a. depends on the collision integral.For 
a closed Fermi surface,the part involving the collision 
integral integrates to zero in the case of a and a 
xy yx. 
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The remainder can be calculated explicitly and one 
finds (85) 
a = -a = L Te(n - n,) (4.34) 
xy ух о e n 
where η and n, can be identified with the number density 
e h 
of the electron and hole states,respectively. 
To obtain the thermal resistivity tensor,the inverse ma­
trix of Eq.(4.33) has to be calculated. 
For an uncompensated metal (η ψ η, ) with a closed 
Fermi surface,an electronic thermal current U in the x-
direction,i.e. U= (U,0,0) and U is the thermal current 
density,and a magnetic field Η in the z-direction,i.e. 
H= (0,0,H),one finds to first order in Η ,, . 
b Η 0 Η 
xx L Te(n - n, ) 
о e h 
w ( Η ) <\, ι _ _ ; H , b H 0 
e
 l Lo T e ( ne" nh ) У У 
Under these conditions, W = b constitutes the trans-
xx xx 
verse MR,which according to the LAK-theory should satu­
rate in the high field limit. 
W corresponds to the Righi-Leduc coefficient (thermal yx 
Hall coefficient) A_ ,i.e. 
VT 




- b - -1 
xy xy 
(4.36) 
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Here VT represents the thermal gradient and J the elec­
trical current density.In the high field limit, A T is 
a constant (temperature and field independent )according 
to the LAK-theory 
W = b represents the longitudinal MR,which also tends 
zz zz 
to a saturation value. 
Hence,for uncompensated closed orbit metals,like Al and 
In,the electronic thermal resistivity becomes 
/ 
W (H) ^  
e 




A R LH b 0 (4.36a) 
Under parallel conditions,!.e. electric current J= (J,0,0) 
and magnetic field H= (0,0,H),the electrical resistivity 
tensor is of the form 













where ρ and ρ are constants and ρ corresponds to 
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Note that in the high field limit,according to LAK (85) 
W and ρ have the free electron values,with 
xy xy 
«H 
= L (4.38) 
ARL T 0 
For compensated metals (n = n, ) : a = 0 and the 
e h xy 
dominating term of λ is a Η of next lowest order in 
-1 xy xy _
 2 
Η .Hence,W and W become proportional to Η .while W 
xx xy ζ ζ 
again saturates. 
For metals with open orbits,more complicated matri­
ces for the tensor W (H) are generated.The effect of open 
orbits will be,that for some directions W (H) will satu-
e 
rate while for others W (H) will increase quadratically 
e 
with field. 
Although the LAK-theory for the galvanomagnetic and 
the thermomagnetic behaviour of metals is strictly valid 
for single crystals only,they apply to polycrystalline 
metals as well.But some averaging effects of the poly­
crystalline state on the field dependence of the W (H) 
tensor components is to be expected,especially for a metal 
with open orbits. 
For instance,as early as 1929,Kapitza (90) has studied the 
field dependent behaviour of the electrical resistance of 
about 35 different polycrystalline metals in pulsed mag­
netic fields up to 30 T,and found that in all metals the 
magnetoresistance first obeyed a quadratic law but in 
stronger fields changed into a linear dependence on H. 
For metals with open orbits,Ziman (135) has provided a 
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a qualitative explanation for the Kapitza effect,based 
on the averaging of the conductivity tensor over the 
randomly oriented microcrystals in a polycrystalline spe-
cimen. If in a certain microcrystal for certain orienta-
tions of the field,all the cross sections of the Fermi 
surface are closed,the magnetoresistance would saturate. 
If,on the other hand,in certain field orientations all 
orbits are open,the magnetoresistance would increase as 
2 . 
H .Averaging over randomly oriented microcrystals may 
produce a H-dependence. 
A more quantitative study of the averaging effect was 
performed by Gaidukov (136) on gold single crystals. 
He measured the dependence of the MR on the angle between 
the variable field directions and certain crystal axis, 
and obtained a rotation diagram of the MR with maxima 
and minima.For the angles of the minima,the Î1R saturated; 
2 
for the angles of the maxima,the MR increased as H .Ave-
raging over all the angles,he obtained a linear depen-
dence on the magnetic field for the averaged MR. 
As yet there is no firm ground for a quantitative theory 
of this averaging over the effects of open and closed 
orbits,which appear for a fixed direction of the field 
and variable crystal orientations or vice versa. 
For uncompensated metals with a closed Fermi surface»how-
ever, the averaging effect of the polycrystalline state 
will not alter the nature of the field dependence of the 
MR.Yet,even in these metals,both for single crystals as 
well as for polycrystalline samples,a linear MR is found. 
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4.2.8 The Linear Magnetoresistance 
Most of the exoerimental observations of the galva-
no- and thermomagnetic effects can now be exnlained by 
the LAK-theory and its subsequent refinements (e.g. mag-
netic breakdown,quantum oscillations,etc.).However,there 
is still one phenomenon which still eludes firmly founded 
physical explanation : the linear increase with field of 
both the transverse and longitudinal magnetoresistance. 
For most metals,there is a wide range of the trans-
verse electrical MR,in which the resistivity is a linear 
function of the field,as was first observed by Kapitza 
(90).For some metals the linear region separates two qua-
dratic dependences,or is located between the low field 
quadratic region and the high field saturation level; 
others show no deviation from the linear law even in 
strong fields,while in most cases the longitudinal MR also 
exhibits a linear increase with field (167). 
For metals with open orbits,the linear field beha-
viour could partly be ascribed to averaging effects (135, 
136),but in the case of uncompensated,closed orbit metals, 
like Aluminium (92-110)»Indium (2,111-117).Sodium (118, 
129) and Potassium (118-129),for which averaging has no 
effect,the MR seems also to increase with field.This is 
in complete contrast to the LAK-theory,which unambiguous-
ly predicts a saturating behaviour for both the transverse 
and the longitudinal MR of these matais. 
Particularly in the case of Potassium, the deviation 
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from saturation is rather disturbing.The measured Fermi 
surface of К (131,132) closely resembles the ideal free 
electron sphere and its deviations from spericity amounts 
to about 0.1 %.This is even less than that of a high qua­
lity billiard ball (91) so that one would expect its gal-
vanomagnetic properties to be precisely predictable. 
Potassium is one of the most simple systems in which to 
study the electron theory of metals,and as such it has 
become one of the most extensively investigated metals. 
A summary of the experimental evidence concerning the 
linear magnetoresistance (LMR) can be found in refs.(124, 
133) and a successful theory must account for the follow­
ing facts : 
1) LMR appears also in metals with no open orbits,for 
which the LAK-theory predicts a saturating behaviour. 
2) LMR appears for many experimental geometries and 
configurations and for various measuring techniques. 
3) LMR appears both for low and high fields,i.e. 
H= 0.5 ^ 11 T,equivalent to ω τ= 10 ^  350,and show­
ing no tendency to saturate at the highest field 
strengths. 
4) LMR appears both for the longitudinal as well as 
the transverse component of the resistivity tensor. 
5) The dimensionless Kohier slope S,defined as 
S= P(H,T) - o(0,Τ)
 =
 Ap/p (4.39) 
ρ(0,Τ)ω τ ω τ 
с с 
is small and characteristically of the order of 
-4 -2 10 V 10 . 
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ii) The slope S appears to be quite sensitive to sample 
preparation and handling,especially to strains(105, 
109,117,120,121,124,129) 
7) LMR appears to be dependent upon crystal orienta-
tions with regard to the field direction (93,102, 
109,117,125,155) 
8) LMR appears also in the thermal magnetoresistance 
(156,160,161) 
9) In the low temperature,high field limit the Hall 
coefficient R^ and the Righi-Leduc coefficient A 
appear to be very close to the free electron value 
and are related to each other by 
RH/ARLT = L o (4.38) 
in accordance with the LAK-theory (105,109,117,126, 
127,130,134,156,157,158) 
However,in the low field region or at higher tem-
peratures Eq.(4.38) does not seem to hold (134,197). 
The theoretical models advanced to explain the LMR can be 
divided into two categories,!.e. 
i) intrinsic,!.e. connected with properties of the 
ideal,defect-free lattice 
ii) non-intrinsic 
The intrinsic explanations can be subdivided into 
a) structural theories 
b) transport theories 
The structural theories link the LMR to assumed de-
viations from the closed orbit,free electron-like model. 
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They introduce energy gaps at the Fermi surface,due either 
to charge density or spin density waves in the electron 
ground state (137,138)or to strong spin correlations (139) 
The LMR occurs through magnetic breakdown of these energy 
gaps at high fields,thus allowing for open orbits.Combina­
tions of open and closed orbits would then generate the 
linear term 
There are several objections which can be raised against 
the bandgap plus magnetic breakdown models (124,125): 
i) They are only applicable to the transverse MR. 
ii) They produce a linear term up to about ω τ ^ 150, 
after which the MR begins to saturate again. 
iii) They should affect the equilibrium properties suf­
ficiently to be observable in other experiments,e. 
g. De Haas-Van Alphen measurements (132). 
This is not the case. 
iv) They predict either a strongly field dependent Hall 
coefficient R^ in the high field limit or R should 
be considerably different from the free electron 
va1ue. 
v) They should give rise to a large anisotropy of the 
magnetoresistance. 
The torque measurements of Schaefer and Marcus (123) 
showed indeed a factor of ten anisotropy in the torque 
exerted on a single crystal sphere of K,in contrast to 
an earlier torque experiment by Lass (121).Overhauser(138) 
took these anisotropy results as evidence for his charge 
density wave model,but other torque experiments (125,127, 
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128) completely validated the Lass-results,while Lass 
(140,141) could argue effectively that the anisotropy 
could be ascribed to the non-sphericity of the samples. 
The transport theories involve extremely anisotro­
pic scattering of the electrons,which cannot be taken 
care of by the conventional relaxation time approximation. 
This can arise from electron-phonon umklapp processes at 
localised scattering centers referred to as 'hot spots' 
(142),or from anisotropic quantum mechanical fluctuations 
in the ground state of the electrons,due to electron -
phonon and/or electron-electron interactions (133,143). 
Besides the objections i),iv) and ν),which also apply to 
the'hot spot'theory,the magnitude of the observed Kohier 
slope S necessitates the size of the hot spots to be ex­
tremely large,which is physically unreasonable (124,133). 
The macroscopic quantum fluctuation theory,as sum­
marized by Hsu and Falicov (143),predicts that : 
i) The transverse MR tends to saturation for fields of 
H ^ 100 Τ or higher,and the longitudinal MR for 
fields of Η ^ 10 T. 
The latter is experimentally accessible and should 
yield strong support for the correctness of the 
fluctuation model. 
ii) The Hall effect is unaffected by fluctuation scat­
tering. 
iii) The fluctuation scattering is strain dependent. 
iv) For single crystals as well as for polycrystalline 
samples S < S . 
ν) For single crystals the MR is anisotropic. 
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However,al though the quantum fluctuation theory appears 
the most attractive intrinsic theory,which can explain 
most of the observed data,there seems to be no reason 
why such fluctuations should exist. 
Theoretically,small-angle scattering (162,168) from 
phonons or crystal defects may also affect the field and 
temperature dependence of the MR,but it seems not to be 
possible to explain the observed experimental results on 
this basis alone (124). 
Besides these models,Cardon de Lichtbuer (144) has 
obtained a linear MR within the framework of the Boltzmann 
equation by assuming a field dependent electron scattering 
probability in the collision integral.This scattering pro-
bability is analysed as a series expansion of which the 
expansion coefficients are field dependent.However,it 
seems to us that by this method one could obtain almost 
any field dependence if sufficient expansion terms are in-
cluded, and the physical reasons for the linear MR remain 
unclear. 
The non-intrinsic explanations are of two kinds : 
i) geometric 
ii) macroscopic 
The geometric theories (118,145) are based on non-
ideal boundary conditions,the geometry of the experiment 
and the influence of the electrodes.However,the linear 
effect has been found in samples of different shape : 
long wires (118,124),match stick specimen (121),round 
spheres (121,123,125,127,128), and in samples of different 
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quality (124) and with different measuring techniques: 
four probe (118.121.122,124,126),induced torque (121,123, 
125,128) and helicon (127) methods.This seems to rule out 
most of the geometric theories. 
The macroscopic theories are connected with the in-
fluence of macroscopic (i.e. small compared with sample 
size,but large compared with the electron mean free path) 
inhomogeneities like crystallite boundaries,voids,regions 
of localized strain,etc. on the current flow lines in a 
magnetic field.The influence of crystallite boundaries 
can not be the only cause as the linear effect is also 
seen in single crystals.The current flow around non-con-
ducting voids have been discussed by Lass(121) in terms 
of 'current jetting',but to explain the magnitude of the 
effect a void density of the order of 1 % would have to 
be assumed which is larger than seems reasonable for 
good samples.In the discussion of Herring (146) the inho-
mogeneities take the form of continuously variable fluc-
tuations in the carrier density,but the results show that 
- 2 - 3 . . 
a slope S= 10 'ь 10 would require a variation of 10 % 
^ 3 % in the carrier density, an unrealistically large 
variation for a metal.Babiskin and Siebenmann (122,126) 
noted a correlation between the slope S and the number of 
voids visible on the surface of their sample.Attributing 
the linear dependence entirely to the presence of voids, 
they suggest an unambiguous separation procedure to part 
the MR into an intrinsic saturating term and a void de­
pendent linear term.However,strong doubts were raised 
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against their oversimplified model and their separating 
procedure must be regarded as too crude (147). 
Recently,several papers appeared (148-150),which 
considered the effect of a few isolated (i.e. non-inter­
acting) macroscopic volume inhomogeneities of different 
conductivity than the host material,upon the galvanomag-
netic properties of metals.Schotte and Jacob (148) used 
an effective medium approach and obtained a region of 
longitudinal and transverse LMR for an inhomogeneity frac­
tion of 1 %,which is definitely unrealistic. 
Sampsell and Garland (149) obtained exact analytic ex­
pressions for the magnetic field dependence of the cur­
rent distribution near non-conducting spherical and cyl­
indrical inclusions in a free electron conductor.For 
cylindrical voids their theory predicts a Kohier slope 
S = 1.00 f and S = 0.49 f for the longitudinal and trans-
verse MR,respectively,where f is the volume fraction of 
the cylindrical inclusions.This requires a void concen-
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trations of f= 10 ^ 10 to account for the reported 
data of К and other metals.Again,the latter figure is 
unrealistically high.For conducting inclusions,their 
theory cannot be applied in a simple way. 
Stroud and Pan (150),using in essence a mean field ap­
proach,obtained Kohier slopes of the same order of mag­
nitude as Samsell and Garland,also requiring void frac-
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tions f= 10 ^ 10 to fit the observed data.However, 
according to their theory the Kohier slope is only de­
pendent on f and independent of the shape of the inclu-
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sions.Moreover,a conducting inclusion would lead to high-
er slopes than non-conducting voids,but a linear longitu-
dinal MR would only be generated by zero-conductivity de-
fects.The Hall coefficient R .resulting from their calcu-
lations,appear to be field independent and nearly equal 
to the free electron value in the high field limit. 
While the theories discussed above are based on ma-
croscopic volume inhomogeneities,the theory proposed by 
Van Gelder (151) attributes the LMR to sheet- or surface-
like inhomogeneities.The Van Gelder theory involves ma-
croscopic lattice imperfections,typically of order 0.1 mm, 
and characterized by a sheetlike local potential V= g6(x), 
which has the capacity of trapping electrons in its imme-
diate vicinity if a static magnetic field is present. 
Physically,such potential sheets may be considered typical 
for interfaces between crystallites or for dislocations. 
-3 
For an imperfection density of 10 mm ,a Kohier slope of 
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S= 10 ^ 10 is estimated (152),in good agreement with 
experiment.In contrast to the former theories,the Van Gel-
der theory was developed as a microscopic theory.Despite 
this fact,the resulting expression for the linear MR con-
tained no quantum mechanical entities,and it appeared 
possible to arrive at the same result out of a macros-
copic kinetic theory (152). 
As yet,the Van Gelder theory is applicable only to the 
transverse MR,but an extension to the longitudinal MR 
seems to be possible. 
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No theory has been developed explicitly for the 
linear thermal magnetoresistance (TMR).Generally,one 
assumes it to mirror the electrical MR via the WF-law, 
corrected for by the ratio of the electrical and thermal 
relaxation times τ , /т\, ,where these are not equal. 
el th 
Al though,as compared to the electrical results,but rela­
tively few data exist of the TMR of К (153,154,161,164), 
Al (155,156) and In (2,13,14,160), the obtained experi­
mental evidence seems not to be in agreement with these 
simple ideas. 
The salient features of the thermal magnetoresistance 
can be summarized as follows : 
i) TMR does not saturate,contrary to the predictions 
of LAK,but increases linearly with field (13,153, 
155,156,161) 
ii) The temperature dependence of the linear thermal 
and electrical MR is the same as that of the zero 
field resistivities,!.e. the ratio of their magni­
tude scales as the ratio of the zero field resis­
tivities . 
iii) The temperature independent portions of the linear 
thermal and electrical MR depend on RRR in the same 
manner (16 1, 164). 
iv) The Lorenz ratio is not constant in the high field 
limit (13,161).The departure of L increases with 
о 
decreasing temperature. 
Besides the linear field dependence,Newrock and Maxfield 
(153,161,164) and also Fletcher (154) have observed a 
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quadratic increase with field of the TMR of Potassium. 
They claim this to constitute a new aspect in the TMR 
of uncompensated closed orbit metals,which has no ana-
logue in the electrical MR. 
We shall show in section 4.3.5 that this quadratic beha-
viour also manifests itself in our measurements of the 
TMR of Al and In.The quadratic field term arises in our 
case as a natural consequence of the Corbino geometry. 
As shall be explained in subsection 4.3.5,the seemingly 
deviative behaviour of Potassium can be attributed to 
the same origin. 
We should like to conclude this subsection on the 
linear magnetoresistance with the following observations: 
A) As yet,no satisfactory theory for the linear MR 
exist.The prevalent experimental evidence is not suffi-
cient,even to determine whether the linear term is due 
to intrinsic or non-intrinsic effects.The intrinsic theo-
ries predict either a Hall coefficient that differs con-
siderably from the free electron value,in contrast to 
experimental observation,or only a delay of the satura-
tion to much higher field strength.The non-intrinsic 
theories require unrealistically high impurity and defect 
concentrations to explain the measured Kohier slopes. 
From the intrinsic theories,the quantum fluctuation 
model (133,143) appears to be the most attractive.This 
theory predicts a saturation of the longitudinal electri-
cal MR at about 10 T,while the transverse MR would remain 
increasing linearly up to about 100 T.The experimental 
verification of these predictions,which are of crucial 
importance for the validity of the theory,has not been 
attempted as yet,although for the longitudinal ?tR the 
required field strengths for the saturation to be obser-
vable are well within the reach of the (Nijmegen (193)) 
experimental facilities. 
From the non-intrinsic explanations the inclusion 
models of Sampsell and Garland (149),Stroud and Pan (150) 
and Van Gelder (151) remain the most promising.But as yet 
no systematic experimental study of the effects of inclu-
sions or voids on the magnetoresistance has been reported, 
although we know of experiments where these aspects are 
currently being investigated (165,166). 
As in a high purity sample at cryogenic temperatures 
the mean free path is of the order of 0.1 mm and as the 
theory requires the volume inclusions to be larger than 
the mean free path,the inclusions would be of the order 
of 0.1 ^ 1 mm.It remains doubtful if volume inclusions 
that large are always present in a natural way in even 
the most pure and well prepared single crystals.In this 
respect,the Van Gelder theory is more attractive in that 
it considers sheetlike defects,which are physically more 
easily visualised as edge or screw dislocations,crystal-
lite or grain boundaries,etc. 
— /dj -
В) The validity of the theories of the linear MR are 
mostly gauged by comparing their predictions with experi­
mental results obtained for Potassium.This is due to the 
fact that its Fermi surface is almost completely spheri­
cal and of all metals,Potassium approximates the free 
electron metal to the highest possible degree.One hoped, 
that an explanation of the observed facts could also be 
constructed within the framework of the free electron 
theory. 
However,until now,this hope has been proved unfounded. 
The close correspondence to the free electron model has 
in no way facilitated theoretical interpretation of the 
linear MR,while from an experimental point of view
>
all 
the salient experimental features as they appear for 
Potassium,both of the electrical as well as of the ther­
mal MR,have also and equally well been observed in the 
slightly more complicated metals Aluminium and Indium. 
Furthermore,the experimental difficulties one en­
counters in the case of Potassium are many and considera­
ble (163). 
Because of its highly reactive and corrosive nature,Po­
tassium samples can only be prepared in an environment 
of dehydrated inert gases or in well-dried paraffin oil. 
Homogeneous polycrystalline samples or single crystals 
of well-defined form are difficult to prepare and the con­
struction of small,well-determined probe contacts poses 
a great challenge.Annealing for long periods,even in a 
dehydrated and deoxygenized environment,more often than 
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riot result in chemical contamination and a decreased re-
sidual ratio resistance (RRR),oxydation of the probe 
contacts or loss of electrical continuity.X-ray analysis 
of single crystal samples are well-nigh impossible.Even 
if one has overcome these difficulties by dint of inge-
nuity,perseverance and plain hard work,the results are 
unpredictable and strongly dependent on sample prepara-
tion,annealing and induced strain during preparation and 
cooling to helium temperatures. 
In Na,these difficulties are further enhanced by a mar-
tensic transformation at low temperatures (198). 
In contrast to this,the experimental handling and 
sample preparation of Al and In poses no problem.Moreover, 
several well-developed metallurgical techniques exist to 
obtain information on their dislocation densities,grain 
boundaries and other lattice defects. 
In view of these facts,a strong case should be made for 
Aluminium and Indium as the prime metals where the linear 
magnetoresistance should be investigated,especially where 
non-intrinsic properties are being studied. 
4.2.9 The Corbino Effect 
In a theoretical study of the Hall effect,Boltzmann 
(171) pointed out that in a circular metal disk with one 
electrode attached to the center and the second electrode 
to the outer edge of the disk,the radial flow lines ob-
tain a circular component and reach the peripherica! edge 
in logarithmic spirals when a magnetic field is applied 
normal to the disk.The deviation of the radial flow at 
each point of the disk occurs at a constant angle whose 
tangent depends upon the strength of the field and the 
material of the disk.The circular currents are due to the 
short-circuiting of the circumferential Hall field,induced 
in the disk by the orthogonal electric and magnetic field 
vectors. 
It was Corbino (172),however,who first demonstrated expe-
rimentally the following related galvanomagnetic effects 
in circular metallic disks where the current enters in 
the center : 
i) If a steady current and a steady magnetic field 
normal to the disk is applied,the radial current 
acquires a circular component. 
If the disk hangs suspended,a torque can be measured 
due to the production of the circular current. 
ii) If an alternating current and a steady magnetic 
field is applied,the inductive effect of the chang-
ing circular current can be revealed by means of a 
galvanometer connected to a coil,surrounding the 
disk. 
- / у г -
iii) If no current and an alternating magnetic field is 
applied while the center and edge of the disk are 
connected to a galvanometer,a potential is measured. 
As Corbino pointed out,this effect may be regarded 
as a Hall effect on the induced circular currents. 
(The fourth variant,where both an alternating current and 
an alternating field are applied,was not considered by 
Corbino,but have been discussed in refs.(173-175) .) 
Since then,several articles on the Corbino effect have 
appeared (176-192),all connected with electrical phenome­
na,e.g. electrical magnetoresistance and Hall effect phe­
nomena in semiconductors (180,181,183,185,189,190)»liquid 
metals (191,192),semimetals (177,178,179) and normal me­
tals (182,188),but none of them concerned with thermal 
effects 
It was Gorter and Miedema (159,194) who were the 
first to realize that the enhanced magnetoresistance of 
the Corbino geometry can be used effectively for the se­
paration of the electronic and the lattice conductivity 
of metals. 
To obtain the relevant expressions for the thermal 
MR it is convenient to consider the electrical MR first. 
The situation in the Corbino geometry can be analysed by 
means of the Hall-Ohm equation 
E= pJ - RH( J χ H ) (4.40) 
where E is the electric field vector,J is the current 
density vector,H the magnetic field vector,о the scalar 
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resistivity and R the Hall coefficient.(For a more ela-
H 
borate analysis,see refs.(184,187,188)) 
In cylindrical coordinates 
E = pJ - R^J.H (4.40a) 




 PJ,- KJ H (4.40b) 
φ φ H r 
where the subfixes r and φ indicate the radial and angular 
components,respectively. 
In the steady state we have 
V χ E= - -52- = 0 (4.41) 
at 
yielding E = 0 
or E.'v — 
Φ r 
as solutions for the angular component of the electric 
field vector.The line integral of the circumferential 







leaving E = 0 as the only solution. 
Φ 





one obtains from Eq.(4.40a) 
R Η 
p(H)= p( 1 + (-¿p)2) (4.43) 
-'$·/-




p(H)= ρ ( 1 + ( -&- Г ) (4.44) 
xx ρ 
XX 
where ρ is the resistivity in a transverse magnetic field 
XX 
and ρ = 1LH is the (isothermal) Hall resistivity. 
For very high fields,where ρ is assumed to saturate for 
closed orbit,uncompensated metals,one finds for the field 
dependent conductivity σ(Η) 
σ(Η)= - ^ = , Χ Χ
 9 - — ^ - j (4.45) 
Ρ (Η)
 D2 2 ( Η + 2 
xx xy Η 
In the high field limit,Eq.(4.45) can be transformed to 
the thermal case by means of the WF-law and Eq.(4.38),and 
one obtains for the field dependent electronic thermal 
conductivity in the Corbino geometry 
W 
λ (Η) -* 2« (4.46) 
e
 (Η * -) (A R LH)
Z 
where W is the thermal resistivity in a transverse mag­
netic field and A is the Righi-Leduc coefficient. 
RL 
Here,A Τ is taken to be constant,i.e. independent of 
field and temperature,in confirmation with the LAK-theory. 
Hence,A has a Τ -dependence. 
If one takes the observed non-saturating linear thermal 
MR into consideration,the transverse thermal resistivity 
component W cannot be taken as constant as in Eq. (4.36a). 
xx 
-iis-
For W we define ad hoc 
XX 
W = W (1 + bH) (4.47) 
XX o 
Here,b i s an a d j u s t a b l e parameter and the slope 
s= W b 
o 
may be dependent upon temperature. 
It should be pointed out that W is not the actual zero-
o 
field value of the electronic thermal resistivity,but the 
value of W extrapolated to H= 0. In general 
W = W(0,T) + a(T) (4.48) 
о 
where W(0,T) is the measured zero-field value of the ther­
mal resistivity and a(T) is a constant which again may be 
temperature dependent. 
The total thermal conductivity as a function of 
field can now be expressed as 
W 
λ(Η)= λ + -f-H -^ -~- H - 2 (4.49) 
Ь Л A 
Чъ
 ARL 
We have used Eq.(4.49) to analyse the results of 
our thermal conductivity measurements of Al and In in the 







Fig.4.7 : Sample holder for the Corbino measurements. 




4.3 Experimental Details and Results. 
4.3.1 Experimental Arrangement. 
The thermal conductivity measurements have been 
made in the Blue Monster (Chapter 2 ),in fields up to 
6.5 Τ and temperatures down to 0.3 К for In and 1.5 К 
for Al. 
The sample holder (Fig.4.7) consists of a hollow gold-
3 
plated copper cone (G),attached to the base of the He-
chamber (M) with copper screws.The cold end heaters(H 
о 
and Η ) are used to stabilize the temperature.The hot 
end heater (H ) consists of a manganine wire,wound a-
round a copper,gold plated spool and is clamped to the 
inner edge of the Corbino sample (S) by means of a gold-
plated copper washer (E) and a hollow PTFE screw (Β), 
through which the leads (A) of the heater (H ) are guided 
out.The gold plated inner (E) and outer (F) copper rings 
act as isothermal surfaces.No anisotropic temperature 
distribution could be detected in the outer ring (F) or 
in the cone (G),within accuracy of measurement.To avoid 
pressure differences between the inside and the outside 
of the sample holder,a hole is drilled in the top of the 
cone.The thermometers R, and R„ consist of 10 Ω 1/10 W 
A В 
Allen-Bradley resistors for the In-measurements and 
220 Ω 1/10 W resistors for the Al-experiment.To attach 
R ,a copper wire is soldered at one end to E,while the 
- ifS-
other end is wrapped tightly around the resistor,then 
greased with Apiezon-N vacuum grease to enhance thermal 
contact.R is glued to the ring F with GE-varnish. 
В 
The resistors R and R are calibrated against a Germa-
A В 
nium resistor R in zero field.In the presence of a field 
the temperature is kept constant by means of a glass 
capacitance thermometer,which remains unaffected by a mag­
netic field.All resistors are measured with ac-resistance 
bridges.The accuracy of the measured thermal conductivi­
ties is estimated to be 4 %. 
4.3.2 Samples. 
The Corbino samples consist of thin,cylindrical po-
lycrystalline disks of Al and In,with a concentric cylin­
drical hole .The current flows between the inner and the 
outer perimeter,both of which are equipotential (or rather 
isothermal) surfaces in the case of isotropic metals.Due 
to the circular symmetry,the electrical field or tempera­
ture gradient must be radial.The geometrical factor 
g= area/length 
can be calculated in the following way. 
Be d: the thickness of the sample,r :the outer radius and 
о 
г . : the i n n e r rad ius ( i . e . the r a d i u s of the c e n t r a l ho le) 
From the r a d i a l c u r r e n t 
I = d 27ГГ J = d 2ттг σΕ 
r r r 
- 111-
the voltage difference V between the inner and the outer 
edge can be obtained,!.e. 
г r 
г о I 
V= E dr = — — 1





 A I d r Γ
 ι / / \ 
= -p5 ln(r /Г.) 
r d2wr ο ι 
This yields for the conductance S= ga 
ς= _I - 2πά 
V ln(r /r.) σ 
ο 1 
and therefore one obtains for the geometrical factor g 
2ïïd 
ln(r /r.) (4·50) 
ο 1 
The Indium sample was kindly provided by Dr.W.F.Druyve-
steyn (Philips Physical Laboratory,Eindhoven)»the Alu­
minium was obtained from theVereinigte Aluminium-Werke 
AG,Bonn,W-Germany.Both samples are polycrystalline and 
the relevant parameters are summarized in Table 4.8. 
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Fig.4.8 and 4.9 : The measured lattice conductivity as a 
-2 
function of H for Al and In. 
- 2.0/ -
4.3.3 The Lattice Conductivity. 
Fig.4.8 and Fig.4.9 plot the measured thermal con-
. -2 ductivity of Al and In,respectively, as a function of H 
at several constant temperatures.The resulting graphs are 
curved,rather than forming straight lines,as can be seen 
from Fig.4.10,where the vertical scale has been exploded. 
The curves exhibit a downward bend at high fields 
and this effect is the more marked the lower the tempera­
ture. Assuming this deviation from the straight line beha­
viour to be a manifestation of the thermal linear MR,we 
have fitted our data to an expression of the form 
λ(Η)= a + a.H-1* алГ 2 (4.51) 
о 1 / 
which is equivalent to Eq.(4.49). 
The resulting coefficients a ,α,,β« of the computer-
o 1 / 
fits for Al and In are reproduced in Table 4.9 and Table 
4.10,respectively.The values of a ,which can be identified 
о 
with the lattice thermal conductivity λ .are plotted as 
g 
a function of temperature in Fig.4.11 and Fig.4.12. 
2 
Both lie close to a line representing a Τ -behaviour. 
For the lattice conductivity of Al we find from 
these results 
Al : λ = 1.0 χ 10~4 Τ 2 Wcm'V"1 (4.52) 
8 
in close agreement with the values found by using the al­
loying method,e.g. 
λ = (0.9-2.5)xl0~AT2 WCIÏT'K-1 (Powell et al. (35)) 
λ = 0.8 xl0~4T2 WCÜT'K-1 (Klaffky et al.(32)) 
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fig.4.10 : Exploded view of the lattice conductivity as 
-2 
a function of Η for In. 
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λ = 1.0x10 Τ Wem Κ (Amundsen et al.(33)) 
g 
For the lattice conductivity of In we find 
In : λ = 9 χ 10~4 T 2 УспГ'к""1 (4.53) 
g 
which is a factor 1.5 higher than the result from alloys 
i .e. 
λ = 6 χ 10~4Τ2 Wcm^K-1 (Sladek (31)) 
g 
Including the effect of the linear MR in our extra­
polation procedure thus proved successful in taking ac­
count of the downward bend of the experimental curves and 
provided us with values for the lattice conductivity of 
Al and In,which are in good agreement with those obtained 
from the alloying method. 
If the linear MR would have been neglected,a computerfit 
to the expression 
λ(Η)= a + алГ 2 (4.54) 
o ¿ 
which is equivalent to Eq.(4.27),would give values for λ 
g 
which are about a factor 3 and more higher than the cor­
responding results from the alloying technique,i.e. 
Al : λ = 3 χ 1θ"4Τ2 Wem"'κ-1 
ε -3 2 - 1 -ι 
In : λ = 2 χ 10 Τ Wem Κ 
g 
We would like to conclude this subsection with the follow­
ing observations: 
A) The results described in this section provide the 
first alternative and independent measurements,!.e. ac­
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Fig.4.11 and 4.12 : The lattice conductivity as a func­
tion of temperature for Al and In.The solid line 
2 
represents a Τ -dependence. 
- ios -
the thermal lattice conductivity of Aluminium and Indium. 
The difficulties inherent to the alloying and the magnetic 
field methods are described in subsections 4.2.5 and 4.2.6 
respectively,but despite these difficulties one may con­
clude that the lattice conductivity of Al and In,deter­
mined by two independent methods,are in good agreement 
2 
and do not disagree with the expected Τ -dependence. 
B) The Corbino method is the most effective method to 
reduce the electronic thermal conductivity by means of an 
external magnetic field.The reason for its effectiveness 
lies in the fact that in the Corbino geometry the magneto-
resistance acquire its maximum value,due to the absence 
of the Hall field.In contrast to this,the magnetoresist-
ance in the conventional arrangement,whereby an electrical 
or thermal current is flown in a long thin wire perpendi­
cular to the direction of a magnetic field,is minimal. 
In fact,because of the Hall effect,the simple free elec­
tron theory predicts a zero magnetoresistance for a mea­
surement in the standard configuration. 
A further advantage of the Corbino method is that it 
leads to measurements of conductivity rather than resis­
tivity and therefore can be more directly compared with 
most transport theories. 
C) In the case of the lattice conductivity of Potassium 
the Corbino method acquires an added importance.As yet,the 
lattice conductivity of К has not been properly measured. 
Ekin (207),using a realistic phonon spectrum and a number 
of different pseudopotentials,has calculated the lattice 
- Zob -
Table 4.9 : Experimental Coefficients of Aluminium 
determined from computerai fitting 
T a a a 
-3 -1 -1 -3 -1 -1 -3 2 -] -] 













































- ¿ o ? . 
contribution to the thermal conductivity of Potassium, 
and found in the low temperature limit a value of about 
К : λ = 2.5 χ 10~3T ИспГ'к"1 
g 
The available experimental data,however,are rather contra­
dictory.As К is not a superconductor,the superconducting 
method to obtain λ cannot be employed.Archibald,Dunick 
g " 
and Jericho (41) have measured λ by using the alloying 
method with Cesium as the alloying metal.Their results 
2 
do not show a Τ -dependence and are smaller in magnitude 
than the theoretical value.Apparently,not only does the 
alloying influence the electronic thermal conductivity, 
but the lattice thermal conductivity as well.This leaves 
the magnetic field method as the only means to measure 
the lattice conductivity of Potassium. 
Fletcher (154) and Newrock and Maxfield (153,161,164) 
have measured λ ,by using the magnetic field method in 
the standard configuration.Both found an anomalous beha­
viour of λ ,consisting in a maximum in the λ -values at 
g . . g 
about 3 К,of a magnitude ,5 to 8 times the theoretical 
value.Earlier,Stauder and Mielczarek (208) had also found 
a maximum,but in the total thermal conductivity of К and 
between 5 К and 6 K.However,careful measurements of New-
rock and Maxfield (201) ruled out such anomalous behaviour 
of λ ., . 
total 
We believe that the anomalous behaviour in the lattice 
conductivity,as observed by Fletcher (154) and Newrock 
and Maxfield (161) are not real as well and can be ex-
- го9 -
Table 4.10 : Experimental Coefficients of Indium 
determined by computerai fitting 
Т а a a 
-3 0-l -1 -3 -1 -1 -3 2 -1 
К 10 Wem К 10 WTcm К 10 WT cm К 
0.41 
0 . 4 8 
0 . 5 3 
0 . 6 7 
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0 .211 
0 . 4 0 8 
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2 0 . 4 
2 2 . 7 
2 4 . 0 
3 9 . 7 
9 8 . 8 
138.6 
2 4 4 . 3 
4 3 7 . 6 
8 1 9 . 3 
1483.5 
3 0 7 2 . 
- ¿og _ 
plained as due to a misinterpretation of a partial Cor-
bino effect.This shall be expounded in section 4.3.5. 
In view of the fact that all attempts to measure 
λ of Potassium have produced anomalous results which de-
g 
viates considerably from the theoretical predictions but 
are most probably due to non-intrinsic effects,a careful, 
unambiguous measurement of the lattice thermal conducti­
vity of К should have a high level of priority.We believe 
that the Corbino method forms a most suitable approach to 
such a study. 
4.3.4 Thermal Linear Magnetoresistance, 
In equating Eq.(4.49) to Eq.(4.51)»i.e. 
-l W -? 
λ(Η)= λ + -!}- Η '+ -f- Η Z (4.49) g ζ ζ 
ARL TIL 
= a + a.H '+ a0H~
2
 (4.51) 
о 1 ζ 
the Righi-Leduc value А^ Τ was assumed to be constant. 
As predicted theoretically (85) and measured experimen­
tally both for Al (195,196) and In (157,158,196).this is 
indeed the case for sufficiently high fields and low 
temperatures.In the high field,low temperature limit 
A R TΤ is constant and equal to the free electron value 
IL/L (Eq.(4.38)) within about 5 %.Hence for 
Al : AT,TT= 0.418 стк "
1!-1 ,.
 с с ч RL _ _ _ (4.55) 
In : A T= 0.653 cmK W Τ 
- Ζ/Ο -
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Fig.4.13 and 4.14 : (λ(Η) - λ )Н plotted as a function 
О 
of field to exhibit the linear magnetoresistance 
for Al and In. 
- г л -
Rewriting Eq.(4.49) yields back the thermal resistivity, 
divided by the square of the Righi-Leduc coefficient A^ , 
which is constant at constant temperatures,i.e. 
W 
^ = (λ(Η) - λ )H = a
n
+
 & 1 Η (4.56) 
Л %' 2 - 1 
The thermal linear MR can be made apparent by plotting 
2 (λ(Η) - λ )H against H,as in Fig.4.13 and Fig.4.14,and 
о 
the resulting curves are indeed straight lines with 
slopes a ,crossing the vertical axis at values a . 
When dealing with the electrical linear MR,it is 
customary to characterize it by a Kohier slope defined by 
Eq.(4.39).Analogous to the electrical case,a dimensionless 
Kohier slope S , can be defined by 
_ W(H,T) - W(0,T)_ AW/W . 
bth W(0,T)ü> τ ω τ Κ*.*η 
с с 
However,one has to be careful in the interpretation of the 
relaxation time τ for the thermal transport processes. 
Although it is reasonable to assume that the electrical 
relaxation time τ , is equal to the thermal relaxation 
el 
time τ ,since both relaxation processes involve the same 
conduction electrons,a single relaxation time can be de­
fined only when the scattering is elastic,!.e.when the 
initial and final states have the same energy values. 
This occurs in the limit of rather high (Τ > Θ) and ra­
ther low (T «* 0,for very pure metals) temperatures.lt is 
only at these limiting temperatures that the WF-law is 
strictly valid,independent of the detailed nature of the 
- г/г 
bandstructure,the Fermi surface,etc. i.e. 
2 
£== \ OiJe)2= L = 2.443x10"8 WOK-2 (4.58) WT J В о 
At intermediate temperatures inelastic scattering , 
involving change in the energy of the electrons at colli­
sion,becomes important and which is more effective at re­
stricting the thermal rather than the electrical conduct­
ivity, hence τ
 Ί
 > τ , and 
el th 
Ρ =
 L(T)= L - ^ (4.59) WT o τ . 
el 
This should be visualized,not as a difference of the rate 
at which the electrons experience collisions in the elec­
trical and in the thermal case,but rather as a difference 
in the effectiveness of each single collision in degra­
ding the electrical and thermal currents. 
Obviously,the difference in relaxation times bears 
an influence on the high field condition 
ω τ > 1 (4.60) 
с 
To investigate this point we shall first rewrite Eq.(4.60) 
in terms of the applied field.Realizing that τ=1 /ν , and 
ω = v^/R »where 1 is the electron mean free path.v^ is 
с F с e F 
the Fermi velocity and R is the cyclotron radius,one ar­
rives at the equivalent condition 
ω τ= 1 /R > 1 
с е е 
which expresses the fact that in high fields the electrons 
will undergo many complete circulations before being 
- 2/3 -
scattered.The cyclotron radius for a free electron is 
R = Гік^ /еН 
с F 
The e l e c t r o n mean free path 1 can be expressed as a func­
t i o n of the r e s i d u a l r e s i s t a n c e r a t i o RRR= ρ(295 K)/p(0 Κ), 
ЛІ9ТК) (RRR) ( 4 · 6 ] ) 
where for metals ( p i ) has a constant value and ρ con-
o e о 
stitutes the residual resistivity for T= 0 K. 
Hence,in the electrical case we obtain for the high field 
condition 
V e r ^ ( 7 ( W K ) ) ( R R R ) > 1 ( 4 · 6 2 ) 
Table 4.11.Estimate of high field condition ω τ > 1 
Al In Ref. 
ρ 1 (Ωαη2) 
ο e 
ρ(295 К) (Пет) 
k (cm ) 
Vp (cms ) 
RRR 
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Rewritten in explicit terms of the applied field,this 
yields 
к ρ(295 К) 
H > V <І> (ρ 1 )(RRR) ( 4- 6 2 а ) 
о e 
The relevant values for Al and In are summarized in Table 
4. 11. 
For the thermal case one obtains in view of Eq.(4.59) 
L(T) Η L(T) . . 
ω τ., = ω τ
 л
 — = — — (4.63) 
с th с el L H L 
о о о 
L(T) is critically dependent on sample purity and sample 
treatment,and cannot be derived generally.However,lolite 
(202) has analysed the L(T) behaviour of several metals, 
i.e. Al,Cu,Fe,Pb,Pt,W at elevated temperatures.Plotting 
L(T) as a function of the reduced temperature Τ/θ,he 
found that the L(T/0)-values of the different metals co­
incide, going through a deep minimum of about 0.34 L at 
0.1 Τ/Θ and reaching the L -value again at about 2 Τ/θ. 
Estimating from these results the high field condition 
in the thermal case,i.e. 
ω τ , > 1 (4.64) 
с tn 
we find from Eq.(4.63) that Eq.(4.64) transform into 
Η > 3 Η (4.65) 
о 
It can be seen from Table 4.11 that for Al and In,Η 
о 
lies between 0.02 Τ and 0.20 T.There fоre,above 1 Τ one 
is in the high field region for the thermal case as well. 
Table Α.13 : Calculated parameters of Indium. 
T
 V Sth= a^L S = al ARL 
K
 cniKW-1!-1 10~3 10~4cinKW~1T 
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However,besides the temperature dependence of the 
Lorenz number L(T) an extra difficulty arises from its 
field dependence L(H). 
For Al,Amundsen and Olsen (205) have measured the field 
dependence of the Lorenz constant L(H) in Al films of 
thickness d= 0.07 ъ 0.2 mm,at a constant temperature 
(4.2 K) and in fields up to 1.3 T.They found that after 
an initial maximum L(H)/L decreases to a value of about 
о 
85 %. 
For In,the temperature and field dependence of L were 
measured by Wyder (2) and De la Cruz et al.(13) in poly-
crystalline samples and by Challis et al.(53) in a single 
crystal,in the temperature region between 1.5 К and 4 К 
and in fields up to 1 T.The results show a decrease of 
L(T)/L with increasing temperature to about 50 % at 4 K. 
As for the field dependence,L(H)/L appears to increase 
slightly with increasing field up to about 120 % at 0.05 T, 
after which it decreases again to about 70 % at 1 T,for 
all temperatures between 1.5 К and 4 K. 
No good theory exists as yet to explain the field depen­
dence of the Lorenz number. 
Returning to Eq.(4.57),we shall explicitly define the 
thermal Kohier slope S by 
AW/W 
8..= (4.66) 
th ω τ 
с th 
where we have identified W= W(0,T) (Eq.(4.57)) with W 
о 




















ai ART H 
AW/W = bH=
 T, (4.67) o W 
In the free electron model 
ARL H 
Vth-ΊΓ- ( 4 · 6 8 ) 
o 
Hence,using Eqs.(4.67) and (4.68),we arrive at 
AW/W 
sth= ^ ГГГ " а Л ь <4·69) 
с th 
However,comparison of the slopes with data found by other 
investigators have often been complicated by the use of 
different definitions of slopes to describe the linear MR. 
For that reason,besides the thermal Kohier slope S
 b,we 
shall also define the slope s of the linear portion of 
the thermal resistivity W (H).which from Eqs.(4.47) and 
xx 
(4.67) can be expressed as 
S = H - = a l A R L ( 4 · 7 0 ) 




- = al / a2 (4.71) 
Here,W has been taken as 
о 
v
 a24 ( 4 · 7 2 ) 
which follows from Eqs.(4.49) and (4.51). 
- ¿2*-
Fig.4.17 and 4.18 : a and a as a function of Τ for Al 
and In,plotted on a half-log. scale to show the 
exponential temperature dependence. 
- Zìi -
The values for S , ,s,b, and W have been collected in tn о 
Table 4.12 and Table 4.13 for Al and In,respectively. 
We shall first concern ourselves with the results 
of S , as a function of temperature.To arrive at the tem­
perature dependence of S , ,we have plotted a. and a„ as 
a function of Τ in Fig.4.15 and Fig.4.16.It follows from 
those figures that a and a of both Al and In do not fol­
low a simple power law of the form 
a. ^  T X l (i=l,2; x= real number) (4.73) 
over the temperature range investigated.However,a and a 
can be fairly well represented over the temperature region 
under consideration by an exponentional function of Τ 
(Fig.4.17 and Fig.4.18).i.e. 
a. ^  exp(y.T) (i=l,2; y= real number) (4.74) 
As A T is constant in the high field,low temperature 
. . -1 
limit,A^ can be taken to have a Τ dependence. 
Combining these results we have plotted S as a function 
of Τ in Fig.4.19 and Fig.4.20.For reasons of comparison, 
s and b have also been plotted.Several conclusions can be 
drawn from these results: 
i) Both for Al and In the Kohier slope S , does not 
th 
remain constant but increases with increasing temperature. 
This suggests that Kohier's rule is not obeyed and pro­
gressively less so the higher the temperature. 
- 3 - 1 ii) S , spans the range between 10 and 10 which,com-
-4 -2 . 
pared to S -.=10 ^ 10 .is generally an order of magni­
tude higher. 
- 2 г г -
Т(К) 
Fig.4.19 and 4.20 : The different slopes for Al and In. 
- ¿23-
ііі) Τη most experimental investigations of the linear 
MR,the changes of S
 л
 and S .were attributed to differen-
el th 
ces in sample preparation,impurity content,strain,etc. and 
the Kohier slope was correlated to the RRR only.In our 




is due solely to its temperature dependence.Although at 
low temperatures the increase of S with Τ is relatively 
small»at higher temperatures the increase of S , with Τ 
th 
is considerable and far steeper than the increase due to 
impurity enhancement.lt follows from our results that the 
temperature is a highly significant parameter in deter­
mining the slope of the linear MR.Theoretical models at­
tempting to explain the linear MR should take the pro­
nounced temperature dependence of the Kohier slope into 
account.As yet,this has been done by none of the current­
ly available theories.In view of these arguments it ap­
pears rather interesting to investigate the temperature 
dependence of S
 Ί
 and S , over an extended range of 
el th 
temperatures for samples of different purity. 
iv) It follows from Eqs.(4.69),(4.70) and (4.71) that 
the differently defined slooes S , ,s and b are character-
th 
ized by different temperature dependences.To illustrate 
this point we have also plotted s and b in Figs.4.19 and 
4.20.When comparing data one should always be careful to 
establish if the same definitions of the different slopes 
is being used.The ambiguity in the definition of the 
slopes and the subsequent difference in their temperature 
behaviour are the main reasons that one often encounters 
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Fig.4.21 : The thermal relaxation time as a function of 
temperature for Al and In. 
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Fig.4.22 : Thermal Kohier slope and thermal relaxation 
time as a function of the reduced temperature. 
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conflicting reports in the literature.The situation is 
further compounded by the fact that in most cases the 
slopes are measured in a small temperature range in the 
helium region only.As our measurements have shown,conclu­
sions valid for a small,low temperature range cannot in 
general be straightforwardly extended to a higher tempe­
rature region. 
v) Using Eqs.(4.69) and (4.71), the thermal relaxation 
time τ . can be written as th 
τ,= -^- = (a-A Л-))"' sec (4.75) th S^ , ω 2 RL m th с 
where for free electrons the charge-mass ratio is constant, 
(e/m)= 1.7588 χ IO11 Ckg"1 (4.76) 
As can be seen from Fig.4.21,after an initial constant 
value of 
Al : τ = 8 χ IO"1' sec 
t h
 -10 In : τ _= 2 χ 10 sec tn 
τ , reduces sharply with an order of magnitude when the 
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It follows from Fig.4.21 that with increasing temperature 
-3 -3 
τ drops less steeply than a Τ -dependence; a Τ -beha­
viour is only followed by In at the highest measured tem­
perature. 
From 
\ъ= Vth ( 4 · 7 8 ) 
the thermal electron mean free path 1 , can also be esti-
^ th 
mated,using the ν -values of Table 4. 11,i.e. 
Γ 
Al: 1 = 1.6 χ 10~2 cm (Τ < 3 К) 
th __ 
= 1.5 χ 10 cm (Τ «15 К) 
In: 1 = 3.8 χ 10 cm (Τ < 1 К) 
th __ 
= 2 . χ 10 cm (Τ * 4 К) 
(4.79) 
which is of about the same order of magnitude as those 
obtained for the electrical electron mean free path 1 
e 
by means of Eq.(4.61) (Table 4.11). 
vi) When one plots the several parameters as a function 
of the reduced temperature T/Q,where θ is the Debye tem­
perature (Table 4.3) a striking similarity between the 
results obtained for Al and In appears.This is demonstra­
ted in Fig.4.22 where we have plotted a A^ = S and 
_. 1 TxL th 
a A^ ^ τ as a function of T/6.The similarity is also 
present in the curves of s,b,W as functions of Τ/θ. 
о 
vii) Still another difficulty is manifested by the tem­
perature and field dependence of the Righi-Leduc value 
A^T.Theory (85) predicts it to be constant in the high 
field limit and equal to the free electron value 
Т=
 VLo (4.38) 
-г і ? -
The experimental results for Al (195,196) and In (157,158, 
196) agree with this prediction only in the low tempera­
ture,high magnetic field limit.With increasing field,the 
free electron value of A Τ is reached the sooner the 
RL 
lower the temperature,but for higher temperatures the 
available fields were not of sufficient strength to show 
a saturation of Α
πτ
 Τ at the free electron value RYT/L (158), RL H o 
Measurements on the alkali metals Na,K,Li,and Rb 
(134,197) at temperatures ranging from 2 К to 120 К and 
in fields up to 1 Τ also show the low temperature high 
field limiting value of A and R to be as expected from 
Eq. (4.38).The temperature dependence of AT,however, 
RL 
shows a pronounced peak at temperatures between 10 К and 
40 К (134,197) although R^ varies only weakly with tempe­
rature (199).At higher temperatures A T drops below the 
KL 
free electron value Rp/L . 
When plotted against the reduced temperature T/0,the А^ Τ 
versus Τ/θ-curves of Na,K and Rb show a similar behaviour 
with their peaks at the same Τ/θ-value (197).The reason 
for this anomalous behaviour of А^ Τ is not clear. 
An increase of A Τ may be provided by anisotropic relax­
ation time (134,210) but the observed enhancement of 
A T is far too high to be completely accounted for by the RL 
proposed mechanism. 
Another possible explanation could be the influence of 
inelastic scattering.As at intermediate temperatures and 
at zero field this mechanism is working with different 
effectiveness on the electrical and thermal currents, 
thereby reducing the Lorenz number L(T),it could equally 
- ¿¿¿>-
well have the same effect in the intermediate temperature 
high field limit,both on ρ(Η,Τ) and W(H,T),as well as on 
ВдОі.Т) and A^CH.O.i.e. 
mfn ¿жтут= L(H'T) ( 4 ' 8 0 ) 
RL 
Fletcher (134,197) rejected this explanation with the fol­
lowing argumentation: 
When on a heat current U a magnetic field Η in the z-di-
x 
r e c t i o n i s a p p l i e d , a t r a n s v e r s e heat c u r r e n t 
U = ω τ U (ω τ > 1) 
у с t h χ с th 
is established.Experimentally,the condition U = 0 is main-
.
У 
tained,so that a transverse temperature gradient is crea­
ted of 
(ЭТ/Эу)= - U /λ 
У 
Hence,one finds for the Righi-Leduc coefficient (Eq.(4.36)) 
_- (ЭТ/Эу)
 =
 V t h _ ^H 
\ L H U Ηλ L T 
χ о 
2 2 
using λ= π к ηΤτ /3m,appropriate for the free electron 
D t Π 
model and neglecting λ . 
A similar argument holds in the case of an electric cur­
rent and for the resulting Hall coefficient R^. 
These arguments,however,are based on the free elec­
tron model,which is well known to be deficient in explai­
ning magnetic field effects on transport theory,as is 
- ггд -
illustrated by its prediction of a zero magnetoresis-
tance.Assuming the effects of inelastic scattering to 
be visible in the Righi-Leduc and Hall coefficients also, 
we can generalize the LAK-result of Eq.(4.38) into 
= L(H,T) (4.31) 
ARL T 
If one neglects the field dependence of L for the moment, 
L(H,T) is equivalent to Eq.(4.59),i.e. 
τ . 
L(H,T) * L(T) = L — (4.82) 
ο τ , 
el 
The observed peak in A can now be interpreted as fol-
RL 
lows : 
To compare the measured values of A and R^ on an equal 
footing,Fletcher has plotted A^ L Τ and R^ versus Τ (m 
indicates the measured values),and found e.g. for Na,the 
peak value of A L Τ about 21 % higher than the equivalent KL о 
value of RujSt a peak temperature of 23 K.Compared with 
the values in the low temperature limit,where A^TL Τ and 
R^  are indeed equal,the peak value of A^TL Τ is about 
32 % higher. 
In our opinion,to arrive at equivalent values of R^,one 
should plot according to Eq.(4.81) and (4.82),i.e. 
ARLL(T)T= А > о Т а ( Т ) /




Т ( Те1> 
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Hence.the p l o t t e d values of AT,TL Τ are a f a c t o r L /L(T) 
RL o o 
higher than the equivalent values A L(T)T of R^. 
If our assumptions are correct,the peak of A L Τ should 
RL о 
correspond to the peak in L /L(T),both with regard to its 
magnitude as with regard to its peak temperature. 
Of the alkali metals under consideration only of Na could 
we find references (215,216),which provide measurements 
of L /L(T),with a peak 70 ^  80 % higher than the zero 
field value,at peak temperatures between 12 and 16 K. 
This is in reasonable agreement with Fletcher's Na-results 
for A„TL T.when one takes into account that the field de-RL о 
pendence of L(H,T) is completely neglected and that both 
the magnitude of the peak and the temperature at which it 
occurs in L /L(T) is highly dependent on the handling and 
the purity of the samples. 
viii) In the interpretation of our data of Al and In,we 
have consistently taken A T to be constant,in accordance 
_ 1 
with the LAK-theory.This entails a Τ -dependence of A^ 
for the whole temperature range. 
In view of the results obtained by Fletcher for the alkali 
metals and if our assumptions that the LAK-prediction,ex­
pressed by Eq.(4.38) should be generalized to Eq.(4.81) 
at intermediate temperatures prove to be true,the employed 
temperature dependence of A is not correct and our re-
RL 
suits should be analysed more carefully.Due to a complete 
lack of the necessary data,this proved to be impossible. 
We should like therefore to conclude this subsection with 
the following observations: 
- ¿ 3 / -
A) For most metals the field dependence of the differ-
ent transport properties have been well investigated in 
the region of low temperatures.A paucity of information 
concerning the field behaviour of the different transport 
parameters exist,however,in the intermediate and high 
temperature ranges.This information cannot be obtained 
by a simple extrapolation from the low temperature limit. 
The cited results of Fletcher for the alkali metals and 
the magnetoresistance measurements of Al for temperatures 
up to 32 К of Krevet and Schauer (209) show that interes­
ting results are to be expected in these temperature 
ranges. 
In view of these considerations it would be desirable if 
the measurement of transport properties in high fields 
and in temperatures,say,between 5 К and 50 К or higher, 
gains more emphasis in the near future. 
B) In particular,it would be highly interesting to 
measure the field dependence of the Lorenz number L via 
the electrical resistivity о and the thermal resistivity 
W, i . e. 
p(H,T)/W(H,T)T = L(H,T) 
and via the Hall coefficient R^ and the Righi-Leduc 
coefficient A ,i.e. 
КдСН.ТО/А^Оі.Т)! = L(H,T) 
in one and the same sample for an extended range of tem­
peratures.The results would provide a check on the LAK-
prediction Eq.(4.38) or its generalization Eq.(4.81). 
- ZiZ -
4.3.5 The (so-called) Quadratic Magnetoresistance. 
In several recent articles on measurements of the 
thermal MR of Potassium,Newrock and Maxfield (NM)(153,161, 
164) and Fletcher (F)(154) have reported a gradual trans­
formation from a linear to a quadratic field dependenc of 
W(H,T)T as the temperature is lowered.The electrical MR 
of some of their samples has also been measured using he­
licon techniques and found to be linear over the field 
range in question.Former electrical measurements by Taub 
et al.(124) on long wires also displayed a linear MR only. 
Consequently,since W(H,T)T is quadratic and p(H,T) linear 
in H,the prediction of the LAK-theory(85) that the high 
field Lorenz ratio should be constant,!.e. independent 
of field,appears to be violated,and the departure from L 
о 
increases as the temperature decreases. 
According to NM,the quadratic field dependence of WT is 
a new aspect of the thermal MR behaviour (of Potassium) 
which has no analogue in the electrical MR.No theory 
exists,however,to explain this effect and NM suggested 
that a possible origin may lie in inelastic scattering 
processes or a field dependence of some parameters in 
the Boltzmann equation. 
We shall demonstrate here,that a far more plausible 
explanation can be found by taking into account the in­
fluence of the sample geometry on the MR and that the 
observed anomalous behaviour can consistently be explained 
as the result of a partial Corbino effect. 
- 233-
As evidenced by Figs.4.23 and 4.24,the thermal resisti-
vity of both Al and In also show the phenomenon of a 
quadratic field dependence.But here,as explained in sec-
tion 4.2.9,the quadratic field dependence has a natural 
geometrical cause and finds its origin in the utilized 
Corbino configuration.When one takes the Corbino effect 
and the lattice conductivity into account (Eq.(4.55)), 
the quadratic field dependence disappears and the ther-
mal MR reduces to a linear field behaviour (Fig.4.13 and 
Fig.4.14),in complete agreement with the electrical 
results. 
An explanation for the close parallel between the F and 
NM-results which were obtained without using the Corbino 
geometry,and our measurements on Al and In,which were 
acquired with full use of the Corbino effect,can be found 
in the theoretical papers of Lippmann and Kuhrt (70). 
For a rectangularly shaped plate the MR and the 
Hall effect deviates strongly from the bulk behaviour 
when the length and width of the samples become compa-
rable.This deviation is usually small for the Hall ef-
fect and can be neglected when the length of the speci-
men is about four times longer than its width.But the 
magnetoresistance may be strongly modified,even for 
samples with a much smaller width to length ratio. 
This effect occurs because the Hall field is reduced at 
the ends of a specimen,allowing the Lorentz force to 
remain partly uncompensated.What one obtains is a parti-
al Corbino effect. 
-гз/-
Lippmann and Kuhrt (70) have analysed this effect in 
detail and have obtained approximate formulas for the 
electrical resistivity.Transforming their results to 
the thermal case one finds for the thermal resistivity 
in the different limiting cases 
'
(1 + t8 2 {W £ - " 
W(H,b/a)=W(H,0) J ( 2 ЛП .b 
W(0,b/a) W(0,0) RL' 'a 
ν /1 . b, . 41n2N b „ V ( 1 + ä ( t g e R L - - r - ) ; i " 0 
(Α.84) 
Here,W(H,b/a) is the thermal resistivity of a plate with 
length a and width b in a field Η perpendicular to the 
plate,θ is the Righi-Leduc angle and 
tg 6RL= A^H/W (4.85) 
The configuration where b/a -*- «»,corresponds to the com­
plete Corbino geometry;the other limit of Eq.(4.84),i.e. 
b/a = 0,corresponds to the geometry of an infintely long 
wire.In this case the geometry effect is absent and one 
re-obtains the geometry of the standard configuration of 
most MR measurements. 
The thermal MR measurements of Newrock and Maxfield 
(161),however,were done on plate like specimen of rectan­
gular shape (201),i.e. conform to the configuration 
1 < b/a < 0. 
- ¿ ¿s -
It follows from Eq.(4.84) and Eq,(4.85),that if W(H,0) 
shows a linear field dependence,W(H,b/a) would display 
a quadratic field behaviour. 
The electrical MR measurements performed by helicon tech-
niques woul obviously not show this particular geometry 
effect,nor would electrical MR measurements on long thin 
wires.It is to be expected,however,that electrical MR 
measurements with the same geometrical configuration 
would show the same quadratic field dependence. 
Hence,the quadratic field dependence is not an in-
trinsic phenomenon but an effect due to the specific geo-
metry of the specimen and the experimental arrangement. 
Consequently,the conclusion drawn by NM,that,since 
W(H,T)T shows a quadratic and p(H,T) a linear field be-
haviour, the Lorenz ratio 
L(H,T)= p(H,T)/W(H,T)T 
would always display a field dependence - in contrast to 
the LAK-theory which predicts it to be constant in the 
high field limit - is rather premature. 
At high fields,both the electrical and the thermal MR 
show a linear field dependence,and a linear field depen-
dence only,and this would not affect the Lorenz ratio. 
Experiment,where the electrical and thermal MR are mea-
sured at the same rectangular sample in the same con-
figuration are needed to investigate these problems in 
a clear-cut way. 
- 2 j é -
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.4.23 and 4.24 : Field dependence of WT for Al and In, 
at different constant temperatures.The tempera­
ture region where the curve-crossing occurs have 
been indicated by a broken line. 
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4.3.6 Curve-Crossing : the Kagan Effect. 
Another effect .observed by F (154) and NM (153, 
161,164),involves the crossing of the curves at the low­
est temperatures in plots of W(H,T)T versus H.They noted 
that with decreasing temperatures the field behaviour of 
W(H,T)T increases from a nearly linear to a nearly qua­
dratic dependence.Hence,a curve of low temperature will 
eventually cross one of higher temperatures. 
Although obviously all W(H,T)T vs.H curves obtained 
in the Corbino configuration show a quadratic field de­
pendence, without the occurrence of linear curves,the 
curve crossing is also displayed in our results of Al 
(Fig.4.23) and,less pronounced,of In (Fig.4.24). 
The crossing of the curves disappears however, if W(H,T) 
rather than W(H,T)T is plotted against H (Figs.4.25 and 
4.26).Moreover,decreasing the temperature appears not to 
be a sufficient or even necessary condition to observe 
curve crossing.The curves seem to cross in a certain 
small temperature region only,i.e. between 2 К and 3 К 
for Al and in a small interval around 0.5 К for In. 
As can be seen from Figs 4.27 and 4.28 where W(H,T)T 
is plotted against Τ for Al and In,respectively,the 
curve crossing is due to the appearance of a local maxi­
mum and minimum,which become more pronounced at higher 
fields.For K,these local extremes occur in an interval 
around 3 K,as can be surmised from the results of NM 
(e.g.ref.(161) Fig.2) and F(ref (154) Fig.l and 3) 
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Fig.4.25 and 4.26 : Field dependence of W for Al and In. 
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When W(H,T)T is plotted against the reduced temperature 
Τ/θ,the temperature regions where the curve crossing oc­
cur, i.e. where the maxima appear,seem to coincide for 
Al and In (Fig.4.29).As to what causes the appearance 
of these localized extremes,when a magnetic field is ap­
plied,remains still to be investigated. 
A possible interpretation may be found in the re­
cent theoretical studies of Kagan and collaborators (213, 
214),which have provided new insight and understanding 
of the unusual temperature behaviour of the electrical 
MR at intermediate temperatures. 
It was found earlier by several workers(99,101,209) that 
with increasing temperatures in high fields the electri­
cal MR of Al exhibited a maximum,the magnitude of which 
depended on the impurity concentration.According to Kagan, 
the explanation of this effect stems from the fact that 
in the limit of zero impurity the electron distribution 
function in metals is highly anisotropic,causing a consi­
derable reduction of the electrical resistivity.The ap­
pearance of this anisotropy is due mainly to umklapp pro­
cesses in the electron-phonon interaction,but is also 
caused by the anisotropy of the phonon spectrum and the 
Fermi surface.Even in the case of a nearly spherical 
Fermi surface,the scale of the anisotropy of the electron 
distribution in polyvalent metals is so great that taking 
it into account can change the resistivity of an ideal 
metal in a given temperature range by an order of mag­
nitude. Any scattering or other mechanism which decreases 
- 2 γσ — 
Fig.4.27 and 4.28 : Temperature dependence of WT for Al 
and In at different constant fields. 
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the anisotropy will thus considerably influence the mag­
nitude of the resistivity.Hence,by applying a magnetic 
field or introducing impurities,isotropy may be restored 
more and more leading to an increase of the resistivity. 
A finite MR exists only to the extent that the 
electron distribution function possesses anisotropy de­
pending on the crystal structure.Therefore,for a closed 
orbit,uncompensated metal of very high purity,one expects 
to find in the high field limit where saturation occurs, 
that the temperature dependence of the MR should reflect 
the temperature dependence of the anisotropy of the dis­
tribution function of the conduction electrons. 
According to Kagan,this anisotropy function increases 
with temperature,passes through a maximum,then decreases 
to zero as Τ is enhanced still further. 
To put this qualitative description of the Kagan 
theory on a more quantitative footing,we shall follow 
the treatment of Krevet and Schauer (209) 
Consider the resistivity p(H,T,r) at a given mag­
netic field H,a temperature Τ and of purity r,i.e. 
p(H,T,r)= ρ (H,r)+ ρ (H,T,r) 
res temp
 ( 4 > 8 6 ) 
= P
res
(H,r)+ Pph(T)+ Д(Н,Т,г) 
ρ is temperature independent and is due to electron-
res 
impurity scattering 
p^ is the temperature dependent part and consists of temp r r r 
ρ , »which is the pure phonon contribution 
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Fig.4.29 : WT as a function of the reduced temperature 
for Al and In. 
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and describes the deviation from Matthiessen's 
rule. 
In the clean limit (infinite purity) and zero field,i.e. 
H= 0,r ->• °° ,p = Δ= 0 
res 
where the anisotropy in the electron distribution is most 
effective,Kagan introduces the theoretical conception 
p(0,T,r •> »)= Pph(T)= p°h(T)(]-n(T)) (4.87) 
Here, ο , (T) represents the phonon contribution corres­
ponding to an isotropic electronic distribution function 
while η(Τ) is a measure of the anisotropy of the electro­
nic distribution function over the Fermi surface and 
which for Aluminium exhibits a maximum at Τ "* 5 К (209, 
m 
214). 
Isotropization of the electron distribution function oc­
curs when purity is decreased or the magnetic field is 
increased.Both for the dirty limit ρ ^ ρ as well 
res temp 
as for the high field limit ω τ > l,the coupling term Δ 
с 
i given by 
Δ(0,Τ,Γ)| = Δ ( Η , Τ , Γ ) | = ρ0 (Τ)η(Τ) 
ρ > ρ, ω τ > 1 Ρ 
res temp с 
(4.88) 
Combining Eqs.(4.86),(4.87) and (4.88) leads us to the 
important result of Kagan,that for both limits 
p(0T,r)| = ρ (0,r)+ p° (T) (4.89) 
Ρ ssL P._ res ph 
res > temp ^ 
p(H,T,r)| =p (H,r)+ p0XT) (4.90) 
„. . res ph 
ω τ > 1 
с 
-¿уу_ 
i.e. the resistivity in the high field limit exhibits 
the same temperature dependence as the resistivity 
in the dirty limit at zero field. 
For a sample of very high purity (clean limit): ρ = 0 . 
Hence,the magnetoresistance of a very pure sample in the 
high field limit(Eq.(4.90)) should be equal to the 
" phonon magnetoresistance" 
(Δρ/ο) = (Δρ/ρ) = η(Τ)/(1-η(Τ)) (4.91) 
ω τ > 1 с 
с 
Eq.(4.91) has a maximum at the same temperature Τ as the 
m 
anisotropy function η(Τ) itself.However,as purity decrea­
ses,this maximum shifts to higher temperatures and in­
creases in magnitude. 
For Al,the peak temperature Τ is about 5 К (209,214). 
The experimental results of electrical MR measurements 
on Al on the other hand display a maximum at about 17 К 
(99,209) for samples with an RRR between 20 000 and 
30 000; for samples with a lower RRR the peak occurs at 
even higher temperatures.This may be due to the simpli­
fying assumptions in the theory (spherical Fermi surface, 
Debye phonon spectrum) and the finite impurity content 
of the samples. 
No theoretical extension of the Kagan theory to 
the thermal MR exists as yet,but this same mechanism, 
as discovered by Kagan and based on the anisotropy of 
- 2 УЛ"-
the electron distribution function,should be equally ef­
fective,mutatis mutandis,in influencing the thermal mag-
netoresistivity.Presumably,the maxima as displayed in 
the thermal MR curves of Al (Fig.4.27) and In (Fig.4.28) 
are but a manifestation of the Kagan mechanism. 
The theory of Kagan is couched in general terms and not 
aimed at a specific metal,i.e. the results can be ex­
pressed as functions of the reduced temperature Τ/θ. 
For different metals of the same impurity concentration, 
the difference in Τ ,i.e. the temperature at which the 
m 
maximum occurs,is determined only by the different values 
of the Debye temperature Θ.Ιη view of this argument,it 
is significant that,when plotted as a function of Τ/θ, 
the maxima in the WT-curves of Al and In seem to occur 
at about the same reduced temperature (Fig.4.29). 
We know of no other references where the thermal MR of 
Al and In are displayed as a function of temperature and 
which would allow more unambiguous pronouncements. 
4.3.7 The Thermal Lattice Conductivity of Potassium. 
Recently,Fletcher (206) has developed a method to 
obtain the thermal lattice conductivity of pure uncompen­
sated metals from thermal magnetoresistivity measurements 
at rather low fields.As shown by Fletcher (206),for un­
compensated metals in not too high fields the measured 
thermal resistivity W can be approximated by 
- xt/L· -
И™. « W e + (We )2λ (4.92) 
xx xx xy g 
Here.W and W are the electronic transverse and Righi-
xx xy 
Leduc thermal resistivities,respectively.As 
W e = A H (4.93) 
xy RL 
Eq.(4.92) can be transformed into 
W™ = W e + λ A^ TH
2
 (4.94) 
xx xx g RL 
2 
= с + c0H 
о 2 
Hence,Eq.(4.94) provides a convenient method to measure 
λ ,especially in the case of Potassium which has a large 
W (134) and a small W for samples of sufficient puri-
xy xx 
ty.However,by measuring the thermal resistivity of К as 
a function of field up to 1 Τ in the temperature region 
between 1.5 К and 4.5 К and in samples,typically 
3 . 50x4x1 mm in size,Fletcher found that his results fitted 
far better an equation of the form 





xx о 1 2 
rather than Eq.(4.94). 
The interpretation by Fletcher (F) (154) and New-
rock and Maxfield (NM) (161) of the coefficients с ,c.. , 
о 1 
c„, connected with Eq.(4.95) invites some comments. 
i) F and NM identified с with W(0,T),the thermal re-
o 
sistivity at zero field.However,as explained earlier 
(Eq.(4.48)),c is equal to W ,which is the linear extra-
o о 
polation of W(H,T) to H= 0,and which is not identical to 
-**7-
the actually measured zero field value of the thermal 
resistivity W(0,T),i.e. 
W = a(T) + W(0,T) (4.48) 
о 
where a(T) is a constant. 
This is supported by the fact that the zero field values 
of W are the only points which did not lie on the cur­
ves, represented by Eq.(4.95) but invariably lower,as no­
ted by both F and NM. 
ii) F(154) indicated that the origin of с is not under­
stood,as indeed a linear term in H does not appear in the 
approximation of W as expressed by Eq.(4.94). 
XX 
e For closed orbit.uncompensated metals however,W does 
XX 
not saturate but acquires a linear field term at suffi­
ciently high fields,i.e. 
We = с + c.H (4.96) 
xx о I 
which explains the origin of с . 
NM have also used this interpretation of с (161) and 
have connected it to the thermal Kohier slope S ,i.e. 
tn 
sth=Ä^T (4·97> 
However,care should be taken when comparing their results 
with those presented in this thesis,as in the pure Cor-
bino geometry one would have obtained (Eqs (4.56), (4,69)) 
Sth= CjA^ (4.97a) 
~ ¿t/8 -
The d i f f e r e n c e be tween E q . ( 4 . 9 7 ) and Eq. ( 4 . 9 7 a ) s tems 
from t h e f a c t t h a t NM have used 
We T= W ( H , T ) T | = с + 0 ^ ( 4 . 9 8 ) 
X X τ J O l l i n 
and have defined S,, as th 
_ AW(H,T)T , , .. . 





 WÇH.T)! °- W(0,T)T 
W(H
'
T)Tlin= W ( H' T ) T (4,100) 
C1 
W(H,T)T 
while in the pure Corbino geometry one would have 
used (compare with Eq.(4.56) where a.= c. and a = с ) 
w
e 
-^- с + c.H (4.100a) 
A 2 0 RL 
and S , is defined as 
tn 
AW/W 
S^= 0 (4.69) th ω τ , 
с th 
where 
AW _ W(H,T) - W. ., „. 
-w w
 0 ( 4
·
5 7 ) 
о 
-*VÍ-
iïi) F (154) has equated c„to the coefficient of the 
quadratic field term according to Eq.(4.94).i.e. 
с = λ Α^
τ
 (4.101) 
2 g RL 
This interpretation was also followed by NM (161). 
Hence,using Eq.(4.101),X can be evaluated as 
О 
C2 2 
λ = -f = c0(neL Τ Γ (4.102) 
g д2 2 о 
^ L 
However,when using the measured data to get с -values,the 
resulting λ -values evaluated according to Eq.(4.102), 
О 
show a highly unexpected and unusual behaviour. 
Ekin (207) has calculated the lattice thermal con­
ductivity of K,employing variational methods and using 
realistic pseudopotentials and phonon spectra, and found 
λ to be a smooth,monotonically increasing function of T. 
The results of F (154) and NM (161) however, showed λ (Τ) 
о 
to possess a maximum at about 3 К and to have a magnitude 
which for different temperatures is about a factor 5 to 8 
times the values calculated by Ekin. 
This means that the values of с ,as extracted from the 
experimental data according to Eqs.(4.101) and (4.102) 
are much too high. 
F (154) suggested that,apart from the influence of λ ,ηο 
О 
other mechanism could be found in the literature capable 
of providing a quadratic field dependence of W for un­
compensated metals.To explain the enhanced value of λ , 
speculations were advanced about possible contributions 
to the heat current by uncharged excitations like spin-
- ÏSD -
and charge -density waves (154). 
However,as can Ъе seen from Eq.(4.84) ,the Lippmann-
2 
Kuhrt theory (70) does produce a purely geometrical H -
contribution to W if one takes the linear field depen-
xx 
e . . . . dence of W into account.In view of the close similarity 
xx 
between the w -results obtained by F and NM for rectang-
xx 
ularly sized samples of К and those obtained by us,using 
the Corbino configuration,of Al and In,the explanation 
of the seemingly anomalous behaviour of λ in К is simple. 
о 
The quadratic field term,apart from a small contribution 
due to λ ,is largely due to a partial Corbino effect,i.e. 
c0= с + Q.n (4.103) 
2 g Cor 
where c^ , is the Corbino contribution Cor 
с = λ A and 
g g^L 
g Cor 
The occurrence of a maximum in the temperature region 
around 3 K,where the curve crossings occur,also points 
in that direction as a similar behaviour is observed 
in our Al and In measurements performed in the Corbino 
geometry.Due to the misinterpretation,this maximum ap­
pears for К in the λ (T)-values instead of in the W 
g xx 
versus Τ curves,similar to the results for Al and In. 
This means,however,that in K,even for a b/a-ratio of 
0.08 (154) the partial Corbino effect is still clearly 
measurable,although for other metals (e.g. Al as checked 
by Fletcher (154)),in samples of the same b/a-value the 
partial Corbino effect may already be too small to be 
experimentally noticeable. 
- ZSI -
This may be due to the fact that the Righi-Leduc coeffi­
cient A is much largei 
KJLi 
using Eq.(4.38) we find 
cient A is much larger for К than for Al and In,i.e 
К : A T= 1.821 cmK2W ' l 1 
2 - 1 - 1 Al : AD TT= 0.418 cmK W Τ 
2 - 1 - 1 I n : A T= 0 . 6 5 3 cmK W Τ 
KL 
so that for K,A appears about 3 to 5 times larger than 
KL 
for Al or In. 
In summary,one can conclude that due to the pre­
sence of a partial Corbino effect,the thermal lattice 
conductivity of К cannot be obtained using the low field 
method,as developed by Fletcher (206).To avoid this par­
tial Corbino effect,the thermal magnetoresistivity of К 
should be measured on very long wires,to obtain a very 
low b/a-ratio 
Of course,an alternative high field method to ex­
tract the lattice conductivity of K,consists of measuring 
the thermal magnetoresistivity in the pure Corbino geo­
metry.This will presently be done in our laboratory. 
- 2S¿ -
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5. METASTABLE STATES IN SUPERCONDUCTORS : SUPER-
COOLING AND SUPERHFATING 
5.1 Introduction. 
Lnüamerlingh Onnes (l) discovered superconductivity 
in I91I at Leiden University. It derives its name from 
the fact that helow a certain critical temperature Τ , 
с 
the electrical resistance of certain metals abruptly 
disappears. Its other basic property, the magnetic flux 
expulsion or Meissner effect, was discovered by 
Meissner and Ochsenfeld in 1933 (2). They found that 
even at Τ < Τ the superconductor (SC) behaves as a 
с 
normal metal if magnetic fields above a critical value 
Η were present, but when the magnetic field is lowered 
с 
beneath Η , the SC becomes superconducting again while 
at the same time the induction В inside the SC vanishes 
to zero, i.e. the SC behaves like a perfect diamagnet 
(the Meissner state). These striking electromagnetic 
properties are manifestations of a thermodynamic phase 
transition, which consists of an ordening of the 
motion of the conduction electrons. 
A superconductor is classified as Type I if this 
phase transition is of first order, involving an 
abrupt change between normal magnetic permeability and 
complete diamagnetism at the thermodynamic critical 
field Η and for suitable sample geometry, and as 
_ ¿ ¿ é _ 
Type II if the phase transition is of second order, 
with a gradual change in permeability for all sample 
geometries. 
However, it was soon found experimentally, that 
metastable states (magnetic supercooling and super-
heating) do also exist in superconductors with first 
order phase transitions. Supercooling was first dis-
covered by De Haas en Voogd (З) in 1928, superheating 
by Garfunkel and Serin (U) in 1952, but it was not 
until 1958 that a first quantitative theoretical 
explanation by Ginzburg (5) appeared, based on the 
Ginzburg-Landau (GL) equations (6). These are non­
linear second order differential equations which 
describe the behaviour of a superconductor in terms of 
a spatial variable order parameter. With these 
equations transitions between the normal and the super­
conducting state in a variable magnetic field can be 
investigated. Where formerly was found that these 
transitions took place at the thermodynamical critical 
field H , on the base of the GL-equations Ginzburg (5) 
could show that in a decreasing magnetic field the 
transition from the normal (N) to the superconducting 
(S) state occurs at the field 
H = Н = к / 2 Н = 1.Ц1І4 KH (5.1) 
SC CÍ: с с 
while in an increasing magnetic field the SN-transition 
can be estimated to occur at (5*11 ) 
- 2 6 ? -
F ^ = H /(к/?)15 = 0.8U1 к ^ Н к«1 (5·?) 
sh с с 
H ,_ •> H ie -*» 
sh с 
Here к = λ(Τ)/ζ(Τ) is the famous dimensionless Ginztnirg-
Landau parameter, λ(Τ) is the •nenetration depth of the 
magnetic field and ζ(Τ) the GL-coherence length (Τ,ΊΟ). 
The GL-theory also provides for a clear-out distinction 
between Type I and Type II superconductors, i.e. 
Type I if к < 1//i" (5.3) 
Type II if к > 1//2 
Thus a Type I superconductor ( K „ < H ) i n a 
СгГ С 
decreasing magnetic field can persist in a (metastable) 
normal state in fields lower than Η : supercool ing. 
(in contrast, a Type II superconductor (H
 p > Η ) 
gradually becomes superconducting at fields higher 
than Η .) 
с 
Similarly, for a Type I superconductor in an 
increasing magnetic field, the superconducting state 
can exist metastably in fields higher than Η : 
superheating. 
Hence it follows that supercooling and superheating is 
the more pronounced the lower the K-value. 
A simple physical criterion for supercooling and 
superheating to occur is that the surface energy 
(Η /8ττ)δ be positive. Here δ is a parameter with the 
с 
dimensions of length, i.e. δ ^  (ζ-λ) (Т-Ю). Type I 
superconductors always have positive surface energies 
-zLS-
and the crossover from positive to negative surface 
energies occurs for < = I//2 = 0.7071. The expression 
for the supercooling field H (Eq. (5.1)), as derived 
sc 
Ъу Ginzburg applied to a bulk SC. By considering the 
influence of the boundaries on the order parameter in 
the GL-theory, Saint-James and De Gennes (7»12) could 
show that in a decreasing field superconductivity 
usually first nucleates at the surface, inducing a 
superconducting surface sheath supposed on a normal 
interior. They predicted for the surface nucleation 




c 3 = 1-695 H
c 2 - 2.39 к Hc (5.U) 
and the existence of the sheath and the magnitude of 
H _ was first verified by Bon Mardion et al. (l8), 
Joseph and Tomasch (19) and subsequently by a host of 
other experimenters. 
If one boundary leads to an increase of the 
supercooling field, it seems obvious to suspect that 
two intersecting boundaries might lead to an even 
greater enhancement of the nucleation field of the 
superconducting phase. This idea was worked out 
quantitatively by Van Gelder (13), vho considered a SC 
of a wedge-like shape and found that superconductivity 
nucleates along the wedge in a region with a thickness 
of order ζ at a nucleation field 
H




Here ξ is the coherence length and 2a the angle between 
the intersecting boundaries forming the wedge. An 
experimental verification of these theoretical results 
were subsequently provided by Van Gelder, Hendriks and 
Wyder (1І4,15,16). 
The next and - so it seems - last step would be to 
consider configurations where three or more boundaries 
converge into a point. Experimentally, such a system 
might be represented by a thin whisker (l?) or a small 
particle (63). 
The theoretical predictions of the supercooling 
(Eqs. (5.1), (5.1*)) and superheating (Eq. (5-2)) fields 
were obtained, by reducing the GL-equations into a 
one-dimensional form. This could be achieved by a 
judicious choice of the geometry involved, i.e. a semi-
infinite halfspace (x » 0, -*· < y,z < +<*>) with the 
magnetic field in the z-direction parallel to the 
boundary. Ginzburg (5) showed that the Meissner state 
of a SC could only exist as solutions of these one-
dimensional GL-equations, if the applied field was 
smaller than a certain maximum field Η . , and he inter-
sh 
preted this maximum field as the superheating field. 
In the limit of ie -»• 0, Η . tends to infinity and for 
sh 
ic -*· ·, Η . = Η . 
sh с 
The superheating field could not be obtained as an 
analytical expression for the whole K-range, however, 
but had to be tabulated numerically. 
^ гу-о-
De Gennes and his Orsay group (11), and in­
dependently Bean and Livingston (20), introduced the 
theoretical concept of an electrodynamic surface 
barrier which opposes the entry of vortices and which 
is induced by the surface supercurrents. In this con­
ception, the superheating field is equated to the field 
at which the surface barrier is overcome. Taking the 
influence of the boundary into account, Matricon and 
Saint-James (22,23) arrived at slightly higher values 
for Η , , however, than were formerly obtained (5,11), 
sh 
but their results could only be expressed numerically. 
Recently, Parr (2U) has derived an analytical 
expression for H , , correct to second order in к, which 
sn 
agrees well with the sc numerical results in the limit 
of low κ, i.e. 
H . = (1 + ^ - /2<)H /{к/2)Н (5.6) 
sn i¿ с 
= (0.8U1 K~h + 0.55 Л н 
с 
for к « 1. 
The influence of the boundary on H and Η , can 
sc sh 
be modified by covering the SC with a normal metal. 
This changes the boundary conditions, leading to a 
depression of the superconducting order parameter at 
the surface (proximity effect) (7,^8). Surface super­
conductivity is suppressed by normal metal coating 
(33,3^,35) and the supercooling field H tends towards 
sc 
the bulk value H _, below H _, hence leading to a 
c2 c3 




superheating field H , i s also supisressed and the normal 
sh 
state induced at smaller fields, especially for tempera­
tures near Τ (11), hence leading to a 'smaller' syper-
heating effect. In BCS-terms : a Cooper pair formed in 
the boundary region, tends to diffuse into the normal 
metal where it is destroyed, i.e. the proximity effect 
serves as a pair-breaking mechanism. 
The interest in metastable states of superconduc­
tors continues up to the present time (25-32), mainly 
because it constitutes one of the few available methods 
to determine the very important Ginzburg-Landau para­
meter к in Type I superconductors. Measurements of Η 
SC 
and Η can be done, using resistive transitions (36,37), 
magnetization (ЗТЛТ), susceptibility (25-31) or 
tunneling (I5j32) techniques. Due to the presence of 
flaws in the surface (38). It appears well-nigh 
impossible to observe ideal supercooling and super­
heating in macroscopically large samples. These flaws 
can act as nucleation centers for superconductive 
regions, thereby destroying the supercooling state, or 
can induce large demagnetization factors locally, 
detrimental to the superheating state. Once the tran­
sition to a normal or a superconducting state has 
started at such a flaw, the new phase propagates over 
the entire sample and what one observes is only the 
transition, tynical for the defect. This can be avoided 
with powders where a phase, nucleated in one particle, 
will not propagate to other particles, so that in each 
-272-
particle a nucleation process is necessary. Furthermore, 
the chance of having a flaw which can act as a 
nucleation center decreases with size. Indeed, almost 
ideal supercooling and superheating were first observed 
Ъу Feder et al. (39) in Indium powder samples. 
The powder technique, however, entails several 
encumbrances. Due to size, shape and quality of the 
powder particles as well as clustering and other effects 
that can distort the magnetic field seen by the 
particles, the transition is smeared out, making the 
final interpretation of the supercooling and super­
heating fields rather arbitrary. Therefore, a sophistic­
ated technique consists of measuring the metastable 
state of small, perfect, single speres, typically 
10 'ν* 100 urn in diameter (25,28-31). 
A variant of the powder method was developed by 
Pellan et al. (Ui) : by means of a photomask small 
2 
squares of metal films, of dimensions 20x20 urn were 
evaporated on a glass substrate. In this way the form 
of the squares is rather well controlled, with less 
chance of smear-out effects. Furthermore the sample 
can be arbitrarily oriented against the magnetic field 
and also the thickness of the film can be varied. This 
allows the measurement of the supercooling and super­
heating fields of thin films and their thickness 
dependence. Another aspect which may be studied by this 
method is the systematic discrepancy which exist 
between the κ-values obtained from the metastable 
- 2Jb -
transitions in thin films and those obtained from 
measurements on bulk samples (^2). 
On Dowders, both magnetization and susceptibility 
measurements can be performed, but for single snheres 
only the susceptibility technique (^ O) can be used. A 
drawback of this method however, lies in the fact that 
in the presence of a supercooling-superheating 
hysteresis, the critical field H cannot be measured 
on the same sample directly and has to be culled from 
other sources. 
For films, the tunneling technique is also useful to 
measure magnetic transitions, since it probes the bulk 
of the film and is relatively insensitive to contri­
butions from the edges. 
Besides these rather sophisticated techniques, it is 
also possible to measure the metastable transitions by 
a simple dc-resistive method on comparatively large 
cylindrical wires (Зб). 
We have performed such measurements on thin, 
cylindrical unplated and goldplated Indium wires, 
using a configuration originally devised by Wyder and 
Deltour С+З), whereby the magnetic field is taken 
perpendicular to the wire. Due to the geometry of the 
arrangement an intermediate state is established 
between the normal and the superconducting state and 
the transition between the two states is gradual. The 
advantage of this geometry is, that in principle the 
critical thermodynamic field H can be extrapolated 
-27У-
from the intermediate state. In addition, by employing 
the quench effect (38,1*M we were able to directly 
measure Η , which is usually not possible by the other 
techniques. 
In almost all theoretical treatments, the 
influence of sample-shape is taken into account by 
phenomenoJogically introducing an appropriate demag­
netization factor into the solutions for the super­
heating field of the one-dimensional GL-equations, e.g. 
(T,1),25,26,28-31). (As for supercooling in a decreasing 
field, the demagnetization factor leaves the nucleation 
of normal state unaffected.) 
The question remains, however, if this simple approach 
is justified. The maximum local magnetic field which 
corresponds to superheating is in general dependent on 
the shape of the superconductor. The demagnetization 
factor takes account of this shape dependence, but any 
local variation of the penetration depth is completely 
neglected. However, by using a multipole expansion, we 
could extend the one-dimensional calculations of the 
semi-infinite halfspace (11) to the case of a cylinder 
in a perpendicular magnetic field. This indeed, leads 
to the appropriate demagnetization factor enhanced by 
a negligibly small correction factor. Fink and Presson 
(1*5) and Doll and Graf (U9) have calculated the super­
heating field for a cylinder in a field parallel to its 
axis (zero demagnetization factor) which for larp-e 
cylinder radius turned out to be indeed equivalent to 
-z7y-
the result obtained for a semi-infinite halfspace. 
Voetmann Christiansen and Smith (50) have computed 
numerical solutions of the GL-equations for a cylinder 
with its axis perpendicular to the field. In this 
chapter we shall develop analytical solutions of the 
GL-equations for the configuration of a cylinder in a 
perpendicular magnetic field, exact to first order in 
f r (f = orderparameter in zero magnetic field, r = 
radius of the cylinder). 
This chapter is organised as follows: 
In section 5.2 a quantitative description of the super-
cooling and superheating effects is given, based on the 
Ginzburg-Landau theory, as well as of the influence of 
the boundary conditions. In section 5.3 we have 
theoretically explored the influence of the penetration 
depth on the demagnetization factor, while in the last 
section 5·^ we shall report and discuss the results of 
our measurements. 
5.2 The Metastable States. 
5.2.1 The Ginzburg-Landau Equations. 
According to a phenomenological theory published 
in 195O by Ginzburg and Landau (6), the difference in 
free energy between the superconducting and the normal 
state can be described by AG = ƒ d r F(r), where F(r) 
-2 ?¿-
is defined by 
F(r) = -|f|2 + l\f\k + |(- Í7f-Af)|2 
* (5.7) 
+ (V χ A - H) 
Here, f(r) is the order parameter, A(r) the vector 
potential, H the external magnetic field and к = 1/ζ(Τ) 
the GL parameter. ζ(Τ) is the temperature dependent 
coherence length: All entities are written in reduced 
units, where the length is measured in units λ, the 




The GL equations follow from Eq. (5-7), by 
minimizing AG with respect to f and A, i.e. 
δ(Δ0) = 0 : (- V+A)2f-f+f|f|2 = 0 (5.8) 
6(AG)A = 0 : ;^-(f*Vf-fVf*) + |f|2A = 
(5.9) 
= - rot rot A 
η · (- V+A)f = 0 (5.10) 
к 
Eq. (5.10) is the boundary condition if the super­
conductor is bounded by an insulator, and ñ is a unit 
vector normal to the surface. Physically, Eq. (5·1θ) 
means that no current will flow through the boundary. 
Furthermore it is to be noted, that always a gauge can 
be found, where f is real. 
Supercooling and superheating in superconductors were 
for the first time discussed in terms of the GL-theory 
by Ginzburg . In the next sections, however, we shall 
-г 7 7 -
(7) -
mainly follow the expositions of De Gennes and his 
Orsay-group (71,23). 
5.2.2 Supercooling. 
Consider a SC in a decreasing magnetic field H 
with a temperature Τ < Τ . The SC is contained in the 
semi-infinite halfspace χ > 0, while for χ < 0, the 
space is filled by an insulator or a vacuum. The mag­
netic field Η = (Ο,Ο,Η) is parallel at the surface, 
while A = (Ο,Ηχ,Ο) is choosen as the gauge. 
In those regions where the superconducting phase 
starts to nucleate, |f| is very small, so Eq. (5·8) can 
be linearized, i.e. 
(- V + A ) 2 f = f (5.11) 
к 
This eigenvalue equation can, in analogy to the familiar 
Schrödinger equation, be solved by variational methods. 
We use as trial function 
f(x,y,Z) = f(x) е І ( кУ У + k z z ) (5.12) 
This leads to an equation of the same form as the 
Schrödinger equation for a harmonic oscillator. 
d2f . / „ч2, ч2 ^ , 2 , 2 , 
о Hic 
with eigenvalues 
2 , 2 
- + (кН) U - X J f - (к -k ) ; 




e = (K¿-k¿) = (η + i) 2κΗ (5.1U) 
ζ 
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Fig.5.2: Reduced values of the superheating and super­
cooling fields as a function of к. 
Superheating: Matricon/ aint ames:Eq.(5.A0) 
: Orsay-group:Eq.(5.39) 
: Parr:Eq.(5.6) 
Supercooling: Η „-Ginzburg Landau: Eq.(5.16) 
Η .-Saint James/de Gennes:Eq.(5.23) 
cJ 
-27?-
The state of lowest energy is obtained for η = 0, 
к = 0, i.e. 
ζ 
Η
 0 = к (5.15) 
с2 
In conventional units: 
Η = /2 κΗ (5.16) 
с2 с 
For Туре I SC (к < 1/»^), Eq. (5.16) defines the minimal 
supercooling field, i.e. Η is the lowest possible 
field in which a superconductor can remain in a normal 
state. 
For the solutions of Eq. (5-13) we find 
f(x) = ехл {- 5K2(x-x )2} (GL solution) 
о (5.17) 
These have the form of a Gaussian curve, centered 
around χ and decreasing exponentially to zero over a 
distance 1/κ = ξ(Τ), the coherence length. Thus χ can 
be interpreted as the nucleation center of the super­
conducting regions. The solutions (Eq. (5-17)) has 
still to be submitted to the boundary condition (10), 
i.e. 
!£ = 0 for χ = 0 (5.I8) 
As one can readily verify, f(x) cannot satisfy the 
boundary condition (Eq. (5·18)) for all possible 
values of χ ; this can only be done for χ = 0 
о ^ о 
(nucleation on the surface) or for χ >> 1/ic 
о 
(nucleation in the bulk) (Fig. 5.1) 
- I8D-
Saint-James and De Gennes (12) showed, that for 
О < χ < 1/к a solution f of Fq. (5-17) exists, which 
satisfies the boundary condition (Eq. (5·ΐ8)) and which 
2 has lower energy eigenvalues than e = < . 
To prove this, they remarked, that Eq. (5-13), with 
2 2 potential V(harm) = (кН) (x-x ) and valid in the region 
χ > 0, may be replaced by the equivalent equation 
- ^ |
 +
 v(x) f = к2 f (5.19) 
dx 
valid for -co < χ < +0O and with the symmetrized potential 
(κ:Η)2(χ-χ ) 2 χ > 0 
V(x) = \ 0 (5.20) 
V(-x) χ < 0 
For the minimum energy eigenvalue they found 
e = к
2
 = μ 2 ic Η (5.21) 
where μ = 0.59010. For a Type I SC this yields a 




 -f = 1.695 < (5.22) 
3 μ 
In conventional units 
Η = 1.695 Η = 2.397 κ Η (5.23) 
С3 С2 
The corresponding solution of Eq. (5·19), which 
satisfies the boundary condition (Fq. (5·ΐθ)), is 
f(x) = α U(a,Ç) (5.2U) 
where (Да,ξ) is a Weber function (1+6) (parabolic 
cylindrical function), α an arbitrary constant, 
-z8/-




x„ = — = 0.59 ξ(Τ) (5.?5) 
О К 
The presence of a surface boundary thus leads to a 
nucleation field Η > Η , while the nuc]ration wi]1 
C3 c2 
take place in a surface layer of thickness smaller than 
ξ(Τ) : surface nucleation. 
The above calculation is only applicable when Η 
is parallel to the surface. If Η is perpendicular to 
the surface, the boundary condition is automatically 
satisfied and the oripinal GL result valid. However, 
there always exist a boundary parallel to the applied 
field H, so that the minimal supercooling field has 
always to be identified with Η 
c3 
5.2.3 Superheating 
When the magnetic field of a superconductor is 
increased, a metastable situation can exist, in which 
the flux cannot penetrate, although Η is above the 
thermodynamical critical value. According to the Orsay 
groun (11), this is due to a surface barrier opposing 
the racrosconic penetration of flux. 
For a Type I SC this corresponds to a situation H > H 
superheating. 
The Orsay group identified the maximal barrier field 
with the superheating field i.e. the maximal field in 
- гйг -
which a SC can persist in a complete Meissner state. 
To calculate this maximal field we consider again 
a semi-infinite Type I SC (< << 1) with the applied 
field H parallel to the surface. This geometry yields 
one-dimensional GL-equations 
•
1 2 i - | - A 2 f + f - f 3 = 0 (5-26) 
te dx 
¿ f = f 2 A . (5.27) 
dx 
We assume that the field penetrates only in a region 
of thickness δ << ξ(Τ) (complete Meissner state). In 
this region, f is nearly constant, i.e. f = f (ο) φ- 0. 
Then Eq. (5-27) yields 
A(x) = A(o) e'X f ( θ ) (5.28) 
The field at the surface is 
н =
 d l I = A(O) f ( o ) ( 5 · 2 9 ) 
x=o 
and the boundary condition now becomes 
h = Η = A(o) f(o) f = f(o) for χ = 0 
(5.30) 
h = A = 0 f = 1 f o r x > « 
where h(x) is the local field. 
The GL-equations (5-26) and (5.27) are equivalent 
with the conduction that AG, the free energy difference 
between the superconducting and the normal state (per 
2 
cm of the surface), is minimized with regard to f 
-28г-
and A, where 
ео 
AG = ƒ dx F(x) = 
о 
= f dx {-f ?
+
k U- λ- (ff)2 + (5.31) 
O K 
The +5-term is added to fulfill the boundary condition 
for χ > 6. Because in equilibrium 6G = 0, F is an 
arbitrary constant. Assume Л = 0 and consider 
F(x) = - -L. ( g ) 2 + f2(-1 + i f?) = constant 
к 
As f = 1 for χ > δ, this yields F(x) = -\. Thus 
- "τ
 (df)? + f2(-1+¿ f2) + 1 = 0 ( 5 · 3 2 ) 
"Τ
 (d7 ) 2 = J ( 1 - f 2 ) 2 ( 5 · 3 3 ) 
te 
g - ^ (--f2) (5.3U) 
The integral (Eq. (5.30) can now be evaluated. The 
contributions of the Α-terms yield 
o, » ƒ" ax u V - ( £ , * , 
dx 





= A2(o) f(o) (5.35) 
The contributions of the f-terms give 






Γ . . 2 ,df\2, =
 J αχ {- — (—) } 
< 
2 4dx' 




= ^ / 1(i-f 2)df 
K
 f(o) 
= ^ {f- f(o) + \ f3(o)} (5.36) ie 3 3 
so 
ΔΟ = G1 + G 2 = A
2(o) f(o) + 
+ ^  {§- f(o) +^ f3(o)} (5.37) 
Minimizing with regard to f(o), while keeping A(o) 
constant, we obtain 




 = A2(o)f2(o) = ^  f2(o){l-f2(o)} (5.38) 
For f = 1 , Η has a minircum Η = 0. 
-iâS -
For f = I//2, H has a maximum H = к г ? . 
In conventional units 
H«,., = к"5 ?"ц Η (5.39) 
bri С 
Eq. (5.З9) for the superheating field is only 
valid in the clean limit к << 1. For arbitrary values 
of к, Matricon and Saint-James (22,23) have solved the 
one-dimensional GL-equations (5-26), (5-27) with the 
boundary condition 
j f* 
h = H 7 - = 0 f o r x = 0 
d X
 (5.U0) 
h = A = 0 f = 1 for χ •+ « 
пглпегісаііу. 
Their result, as well as that from the Orsay group is 
shown in Fig. 5·?· As expected, agreement is obtained 
for low к values. In deriving Eq. (5-39) the Orsay 
group has assumed rather boldly that all instabilities 
of interest will be displayed by the one-dimensional 
GL eouations. To prove the validity of that assumption, 
one has to show that the obtained solution is locally 
stable for variations of the order parameter in the y-
and z-directions. This has been verified theoretically 
by Kramer (51) and Voetman Christiansen and Smith (50). 
Kramer has examined the second variation Ä (AG) of the 
GL free energy and found it positive definite, exactly 
un to H , (Eq. (5-39))» for arbitrarv but one-
sh 
dimensional perturbations. The sane result was obtained 
for two-dimensional t>erturbations in the limit of 
-Ztfó-
small к. For large к (> 0.5) a periodic modulation in 
the y-direction could induce instabilities in the 
Meissner state, at fields slightly lower than H , , as 
sn 
first predicted by Galaiko (52). The difference may not 
be experimentally detectable, however. Furthermore, the 
GL-theory is essentially a local theory, and strictly 
valid only under the condition λ >> ξ. For a Type I SC 
this condition is but satisfied in a small temperature 
2 
range near Τ i.e. (1- ) < к . By using generalized 
GL-equations, in which the non-local electrodynamic 
effects are taken into account (53), Smith et al. (26) 
have extended the Orsay approach to cover the whole 




 = с к"
1 / 3
 (i-t)" 1 / 1 2 H (5.ІЛ) 
sh о с 
where к is the κ-value at Τ , t = T/T is the reduced 
о с ' с 
temperature, and С = 0.8-0.9 is a constant. 
5.2.14 Influence of the Boundary Condition. 
The equations (5·23) and (5.39) are obtained with 
the boundary condition (Eq. (5·1θ)), i.e. where the SC 
is surrounded by an insulator. The supercooling and the 
superheating fields are highly dependent on the boundary 
condition. 
Indeed, Η is directly connected with Eq. (5.10). If 
c3 
the surface is coated with a normal metal, the boundary 
-2.8J-
condition to be imposed on the order-parameter will 
change and H and H are modified. 
oL on 
To obtain the most general boundary condition, we 
require the current across the boundary to vanish, i.e. 
- — j-n = те" (í^ñ-Vf-fñ-Vf*) + f^ f n-A = 0 
с 2к 
η · (- V+A)f = i γ f 
In conventional units (7,11,^8) 
Й . (y _ i i«
 A ) ψ - 1 T (5.^2) 
с b 
γ and b are arbitrary real constants. 
If the SC is bounded by an insulator, b is infinite, 
giving back Eq. (5.10); if it is bounded by a normal 
metal, b is finite. The effect of the normal layer can 
thus be described by a single parameter, the extra­
polation length b. 
A similar boundary condition was found by 
Zaitzev (35) 
ñ . (7 - i ^  Α)Ψ - - - тт^г O-t)"* 
λ ( Τ )
 (5.1*3) 
% = С g with 
for 1 -»• oo 
for 1 << ξ 
о 
Here 1 is the mean free path of the electron in the SC 
and ζ(χ) the Riemann zeta function. 0 is a parameter 
which goes to infinity if the transmission coefficient 
-zSS-
Fig.5.3: Κς^ as a function of the reduced temperature 
and ЪД(0) (After ref.(25)) 
- i S j -
for the electrons at the surface becomes zero, giving 
back Eq. (5.10). 
For the effect of the normal metal on the super­
cooling field, Zaitsev finds in the clean limit (< « 1) 
ι 
H =н o
 +Üz!LL2 eXp (_! )} 
C3 C2 2Λ" ?f2(l-t) 
(5.UU) 
provided the contact between the normal and the super­
conducting metal is good. According to Eq. (5·^) 
surface superconductivity is completely suppressed near 
Τ , so that the supercooling field becomes 
H q r = Η (5.^5) 
SC c 2 
In the dirty limit (к >> l) Kurault (З1*) found a similar 
result, again provided there was good electrical contact 
between the normal and the superconducting metal. 
The influence of the normal coating on the super­
heating effect has, in the clean limit к << 1 , been 
discussed by the Orsay group , using the boundary 
condition (U2) and the assumption that b is indeoendent 
of the temperature and the magnetic field. Indeed, from 
En. (З.'+З) we find b to be temperature independent near 
ι 




 to be strongly dependent on b/Ç(T), where 
bn 
ξ(Τ) is the coherence length. In the range 
2 2 2 
κ ζ (Τ) < Ъ < ζ (Τ), Η
ανι
 is significantly reduced and 
Ьп 
can be approximated by 
- 2^0 -
0.26 b „ 
For b > ζ(Τ), Η tends towards Η . 
bri С 
Using these results of the Orsay group, Feder and 
McLachlan (25) have Dlotted the temperature dependence 
of <
ο υ
 for different values of h/ζ where 
U. 
-o- · ' ' Ό 
length. Their results are pictured in Fig. 5.3. 
•SH k •* 
ζ(Τ) = ζ /(1-t ) 5 and ξ is the Pippard coherence 
The curves show the effect of the normal coating to be 
strongly dependent on temperature and b/ξ . 
The increase of κ
σ υ
 near Τ they interpreted as 
D H С 
proximity and size effects. Size effects will occur 
when ζ(Τ) becomes comparable to the dimensions of the 
sample. 
5-2.5 Flaws as Nucleation Centers. 
Nucleation of the superconducting phase has been 
( яп ) 
assumed by Faber and Pippard to originate at local 
flaws, i.e. irregularities of the crystal structure 
caused by strain, dislocations and impurities. These 
imperfections reduce the mean free path 1 of the 
electrons, and as ζ = (ζ + 1 ), this lowers the 
value of ζ. This in turn reduces the surface energy 
(ξ-λ)Η /8π, which may even become negative, and 
- 2 ? / -
nucleation can occur with greater ease than elsewhere. 
When the most stähle phase nucleates locally, it 
propagates quickly over the whole sample. Thus the 
values of H „ and H measured may not be really 
oL on 
characteristic of the pure sample, hut may be determined 
by a local inhomogeneity, giving too high values for 
H or too low values for H . Many flaws are extremely 
stable, so that their supercooling or superheating 
behaviour remains remarkably reproducible. The observed 
supercooling and superheating, however, do not seem to 
be caused by one and the same flaw. 
Superheating is more difficult to observe than super-
cooling. For bulk samples this is attributed to end 
effects, where the magnetic field is most distorted. 
The largest supercooling and superheating effects, i.e. 
the lowest к values are found in the close vicinity of 
Τ . This is due to the fact, that С(Т) presumably 
с 
grows larger than the size of the defect, which then 
becomes uneffective as a nucleation-center. 
5.2.6 The Quench Effect. 
The degree of the attainable supercooling is 
affected by the strength of the maximum field to which 
the specimen has previously been subjected. This effect 
is called the quench-effect (55). Suppose the sample 
to be in a very high field, which is then decreased 
steadily. It supercools in the usual way at a field Η 
-2?2-
If the field is now increased to a value above H but 
с 
not above the quenching field Η , and then decreased 
again, the sample will supercool at a field H > Hç., 
thus showing a 'smaller' supercooling effect. To restore 
the supercooling to its original value Η ., it is 
necessary to exeed Η . It seems that a trace of the 
superconducting phase persist above the critical field 
Η , probably in the neightbourhood of some flaw. This 
serves, below Η , as a center of nucleation, but once 
с 
the quenching field is reached, this trace is 
irreversibly destroyed. 
We have employed the quench effect to determine 
the critical field Η directly in our measurements. By 
using the same method the bulk critical field Η could 
с 
also be measured directly in susceptibility measurements, 
as was first demonstrated by F. Meier (62). This was 
hitherto thought to be not oossible. 
5.3 Influence of the Geometry. 
The above results were calculated for a semi-
infinite halfspace with the external field parallel to 
the surface. For a sample of arbitrary form and in an 
arbitrary position with respect to the field, a 
correction factor has to be applied. 
Consider for instance a cylindrical PC in a 
transverse magnetic field. For the supercooling field 
- 2 $ 3 -
H , no correction-factor needs to be used. The only 
effect of the geometry is the establishment of an inter­
mediate state, i.e. a thermodynamically stable state in 
vhich superconducting renions can exist alongside normal 
ones. 
As for the superheating field H 0 , the usual procedure 
on 
is, to take the same Eq. (5.39)» derived for the semi-
infinite case, but now corrected with an appropriate 
demagnetisation factor. In the case of the cylinder this 
is 2 , hence 
H S H = J <~
12~\ (5.UT) 
This is by no means an obvious procedure (5Ό· The 
demagnetisation factor gives only a correction for the 
shape of the sample. But because the magnetic field 
penetrates the superconductor, its value at the surface 
is not only determined by the shape but is also depen­
dent on the penetration depth. However, this turns out 
to be a begligible effect. To prove this, we have used 
the three-dimensional expressions of the linearized GL-
equations, i.e. 
V2f = к2 {f3-f+A2f} (5.1+8) 
rot rot A+f2A = 0 (5.1*9) 
These equations are equivalent to the condition that the 
functional AG = ƒ d r F(r) is minimized with respect to 
the order parameter f(r) and the vector potential A(r), 
if F(r) is defined as 
- 2 ?y-




The integration extends over both the PC and the sur­
rounding vacuum. h(r) = rot A(r) is the local field and 
H = rot A the uniform external field. Away from the 
SC, h(r) approaches asymtotically to H. 
In order to minimize AG, we consider an infinite 
set of trial functions, which we simoly denote with the 
same symbols f and A. These functions must be twice 
differentiable except at the vacuum interface, where 
the normal components of A and Vf are required to vanish. 
Finally both A and rot A should be continuous across 
the surface. For the vacuum we have f = о without loss 
of generality we may restrict the choice of trial-
functions by letting A be determined by Eq. (5.^9)· 
This means that we only have to vary f(r). These 
considerations outlines the framework for our approach. 
In the following we shall attempt to rewrite AG in terms 
of f only, taking the appropriate boundary conditions 
into account. Minimizing with respect to f will then 
lead to the desired results. 
To calculate the contributions of the Α-terms, we 
use the general result that, as h -*• H for r •*• "· : 
f à2r(A-A ) χ (h-H ) = 0 (5.51) 
' о о 
if the surface of integration is far removed from the 
SC. Hence 
- Z j S -
0=1 d2r(A-A ) χ (h-H ) = J
 o o 
ƒ d3r div {(A-A ) χ (h-H )} J
 o o 
= ƒ d3r {(A-A ) rot (h-H)-(h-H) rot (A-A )} 
o o 
= ƒ d3r {(A-A )(-f2A)-(h-H)2} ,_ __. 
o 15.52) 
= ƒ d3r f2A A
o
 - ƒ d3r {f2A2-(h-H)2} 
2 . . . 
-f A and rot H = 0, because H is kept fixed. Thus we find 
Using the fact that Eq. (5.1+9) rot h = rot rot A = 
because H is kept fixe 
G = ƒ d3r {(rot Λ-Η) 2 + f2A2} = 
, Ρ (5.53) 
f d^r f A A 
J
 о 
To calculate the contribution of the f-terms, we use 
Eqs. (5.ЗЗ) and (5.3*0 , i.e. 
G 2 = ƒ d3r U-f 2 +kVA(vf) 2} = 
к 
ƒ d3r {-§(?f)2> 
< ( 5 .5U) 
= ƒ d3r { — (l-f2)Vf} = 
£ ƒ d2r /1 df(l-f2) 
fo(r) 
Here, f (r) is the value of f(r) at the surface. Hence 
о 
áG = ^  ƒ d2r ƒ (1-f2) df + 
fo(r) (5.55) 
+ Γ d3r f2 A A 
-z$6 -
The first integral must be performed over the surface 
of the RC, the second one over its volume. 
Consider now the superconductive cylinder (with 
radius г and lateral axis in the z-direction) in a 
о 
uniform magnetic field H = rot A in the xy-plane. 




In cylindrical coordinates (r,i,z): 
dA dA 
h =1--T7- h /,=-T-
2
- h = 0 (5.57) 
Using the noiltipole expansion we find for the field 
outside and at the surface of the SC. 
a 
A = Η r sin φ + Σ — sin η φ (5.58) 
ζ η 
η=1 г 
For large г: 
А = А = H г sin φ (5.59) 
ζ о 





 d ^ = 
a 




and again from Fq. (5.57) follows 
a
 1 
η 1 r j 
—
 = —
 αφ s i n η ^ 
Π I f * 
η it 
{Α {φ) + H r s i n <¿>} 
ζ 
-2*7-
= - f άφ sin η φ A {φ) -
•if J T. 
Hr t
 л 
— а>р sin η «л sin φ 
TT J 
- — f dv sin η ^  Λ (Φ ) 




Hr f . ? 
π 
ƒ sin V = - Hr if η = 1 
0 if η t 1 
hence: 
h = -2H sinV + Σ η sin η ^  — 
^ , τι 
η=ΐ 
А (ЧР·) 
f dv ' sin η ^  ' { } 
(5.6?) 
Fq. (5.6?) constitutes a cenerai result, i.e. valid for 
general Α (φ) (Fq. (5.58)). 
However, we consider only A's, which satisfy Rn. 
(5.U9): 
rot rot A + f?A = 0 
With the Raupe (Eq. (5-56)) this becomes: 
-V2A +f2A = 0 (5.63) 
ζ ζ 2 2 
or in cylindrical coordinates (d Λ /dz = 0, because 
A is indenendent of z) 
ζ 
2 2 
d A dA d A 
dr r dv 
Using the approxirration f(r) = f and neglectinß all 
- 7.<j8 -
—2 terms of order (fr) and lower, we finally arrive at 
d2A dA 
5
- ^ + -
J
 — - A = 0 (5.65) 
d(f r) f r d(f r) 
о о о 





r)-2 e 0 0 (5.66) 
С is a constant to be determined by considering 
dA 
h. I = - f Z 
φ ' о d(f r) ' 
r=r o r=r 
о о 
! f (r-r ) 
- ν<ν> ! «β ' â î - -1' I 
o r=r 
о 
о о о 
r=r о о о 
(5.67) 
Hence 
h„ г ι f (r-r ) , , 
A = - ^ ( ^ ) ^ e 0 0 { — L - . 1 } - 1 (5.68) Z f r 2f r 
o o o 
Eq. (5.68) is not an exact solution of Eq. (5·65). Sub­
stituting Eq. (5.68) into Eq. (5-65) however, gives a 
term of order (f г ) at the surface, which can be 
о о 
neglected. 
With Eq. (5.6?) we can approximate Eq. (5-66) by 
- a ^ _ 
ζ f X 2f г ' 
o o o 
(5.69) 
..5t{, +_!_, f l 2f τ } 
o o o 
Substituting Eq. (5-69) into Eq. (5.6?) we obtain 
h = - 2H sin φ - — Ζ η sin η V 
<ρ π 
η=1 
Ι dv ' sin η φ' - — J
 f г 
| tv,, (5.70) 
о 
—2 in which again terms of order (f r) has been neglected, 
Substituting Eqs. (5-59) and (5-68) into Eq. (5.53) and 
taking f(r) = f (r) gives 
G, = ƒ d 3 r f2 A A 
1 J о 
= - f d( f r ) d*> dz r ? ( — ) 3 / 2 
' о o r 
о 
( l + 2 f V - ) e 0 h Hsinv, 
о о (5 .71) 















r J -i/O (1 ^ - ^ г у ^ - ) 3 7 2 
о о 
ι
 + 2 _о о_ 
2 f r (5 .72) 
о о 
- JOO -
y i e l d s 
G. = . - r ί άφ d ζ h H s i n ^ 1 o J φ 
. _ f ( г - г ) 
1
 2f г 2 f г J 





r J 0 d ( f r ) 
о 
= - (1 - ) г ƒ d<¿>d ζ h H s i n V i r ò φ 
о о 
(5 .73) 
S u b s t i t u t i n g Eq. ( 5 . 7 0 ) , and n e g l e c t i n g ( f r ) -terms 
we o b t a i n 
G, = - (1 - -тг—)r2 ƒ dzd^ Η s i n φ 1 f r o · ' 
о о 
1 Г V i {-2 H s in V - — s i n φ j up' s m ν ' τ—} 
ν
 J
 f r 
о 




 f •· -, ι • t r-2Hsirtf '
ί Ί 
г Η I dzdv' simp l j }} 
Ο i r 
о 
= ( 1 - γ ^ ) { ƒ d 3 r 2 Η - ƒ d 3 r ψ^} 
о о о 
= 2 ƒ d3r Η2 - И d2r ¿ 
о (5.7M 
Out of Eq. (5·5*0 we find 
G 2 = ' d 2 r f { ! - f o + ì f o } (5 .75) 
and f i n a l l y 
- j o / -
AG = 2 ƒ d3r H2 -
fo K 3 0 3 0 (5.76) 
Minimizing with respect to f gives 
UH2 = — f2 (l-f2) (5.77) 
к о о 
and this leads to a maximum field for f = 1//2 i.e. 
о 
H S H = Ι к'
1
 2-* (5.78) 
In conventional units 
HSH = * *'* 2~l "с ( 5 · 7 9 ) 
Hence the demagnetisation factor 5 emerges in a most 
natural way into the equation of the superheating field 
and the effect of the field penetration is shown to be 
of negligible consequence. 
5.1* Experimental Results. 
5.U.I Sample Preparation. 
Small chips were cut from an indiumbar {99-9999% 
pure from the Hollandse Metallurgische Industrie 
Biliton Ltd.) which were gathered in a holder. In the 
perspex bottom of the holder a small hole was drilled, 
with the diameter, required for the wire. We used 
diameters of 0.5 mm, 0.3 mm, 0.2 mm and 0.12 mm. Using 
- 3oZ -
Η(gauss) 
Fig.5.4: Typical curve representing the resistance tran­
sitions as a function of the applied magnetic 
field for unplated wires. 
- Заз-
а press, the indium was slowly pressed out of the holder, 
yielding a wire of about 80 cm length. Examined under a 
30x microscope, the surface of the wires showed regular 
shallow lateral scratches over their whole length, 
presumably because the hole through which the indium 
was pressed, did not have a clean-cut edge. Those parts 
of the wires, which showed other irregularities than 
the shallow scratches, were not used for measurements. 
To remove strains and dislocations (flaws) the wires 
were annealed for about one or two weeks. 
Clean pieces of the wires, with a length of about 28 mm, 
were used as samples. Their residual resistance ratio 
(RRR = PpoRv/Plj 2K^ а Г е s h o v n iri T a b l e 1· 
Table 1 : RRR of the Indium samples. 










The coating of the samples was accomplished by vacuum 
evaporation of gold. As good contact between the 
normal and superconducting metal was commi sory, the 
oxide layer on the sample was removed before evaporation 
by dipping the wire in a concentrated solution of UNO-
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Fig.5.6: Temperature dependence of κ ,κ and к SC 
- ioï -
We have not attempted to measure the thickness of the 
evaporated gold film. 
The resistivity of the samples was measured by the 
conventional four-probe method in a temperature range 
between 2 and U.2 K. The magnetic field was applied 
perpendicular to the direction of the current through 
the wires and was generated by a Varían V-3950 electro-
magnet, with a sweep of excellent linearity. The 
voltage across the wires, as measured by a Keithley 
Nanovolt meter, was recorded on a Hewlett-Packard 
XY-recorder, against the sweep of the magnetic field. 
5.14.2 Unplated Wires. 
A typical example of the curves measured, is shown 
in Fig. 5·^· As the magnetic field sweeps back and 
forth, only the curve ABCDEFGHIJ is traced. To produce 
the intermediate state curves EH and JC, we have made 
use of the quench effect, by reversing the sweep just 
before the horizontal upner curve was reached. 
The zero-point H = 0 was determined from the symmetry 
properties of the curve. 
Some samples display a slight asymmetry in their curves, 
i.e. the supercooling or superheating fields at the 
left side may be slightly smaller or bigger than at the 
right side. Presumable this is due to the fact, that 
the Indium wires bend slightly under the pressure of 







Fig.5.7: Dependence of к _ and к on the measuring cur­
rent for wires of diameter ф= 0.2 mm (circles) 






Typical curve,representing the resistance tran-
sitions as a function of the applied magnetic 
field for goldplated wires. 
- ï 0 } -
asyimretry effects, we define H = 0 as the iriddle of the 
distance between H and H'. At the supercooling field 
the curve displays a reproducible jump and H can thus 
be determined accurately. 
Fig. 5-5 shows the fields, as well as the supercooling 
field for the case of the goldplated wire, as they 
change with temperature. 
For low values of T, these measured H (T)-values are 
с 
about H# less than the ones, determined by Finnemore 
and Mapother (55). Presumably this is due to the 
current in the wire. The current appears to have no 
effect on the к -values, but a considerable influence 
0 0 
on к . as is shown by Fig. 5.6. For relatively large 
sn 
current values, the superheating effect disappears. 
к (t) is calculated from Eq. (5.23), i.e. 




 • ІТ39Т "FTtT = * M l 2 ΙΓΰΤ 
c c
 (5.80) 
As for the superheating values tc (t), those are found 
sn 
by calculating 2H (t)/H (t) and determining the 
corresponding κ , -value by means of the Orsay-curve, 
sh 
represented in Fig. 5.2. The results show no influence 
of size-effects and we believe all our samples to be 
bulk superconductors. A typical example of the obtained 
values is shown in Fig. 5·Τ. 
The steep slope of the к „-curve makes it dubious, if 
not impossible to determine Κς^ίΤ ) by extrapolation. 
The lowest к -value we have actutally measured at 
- ioS-
T * Τ is к = 0.191+. As the GL-tbeory is strictly-
valid for Τ = Τ , the te - and к -values should converge 
С oL on 
for t = 1. This is not seen to happen. Indeed, for 
t -* 1, к increases steeply and the superheating effect 
on 
is diminished. We believe this is due to end-of-fects, 
rather than to size-effects. 
Furthermore, as is shown by Fig. 5·2, for 2H_U/H * 1, 
on С 
small changes in H
c
 give rise to a tremendous increase 
on 
o f KSH· 
5-^ .3 Gold-plates Wires. 
ρ 
In Fig. 5Л we have also drawn the к -curve for 
Ρ . . 
the gold-plated wire, where к (t) is defined by again 
oL» 
Eq. (5·8θ) as for the unplated case. However, when 
plated with a normal metal, the supercooling field 
becomes (Eq. (5.23)): 





 should be lower than к by a 
factor 0.59. We found at Τ * Τ for the 0.3 mm wire : 
and f o r t h e 
Ρ 
*30 
0 . 2 
Ρ 
= 0.66 







к /к increases with decreasing temperature. 
No gold was evaporated on the 0.12 min wire, as it turned 
out to be too tender for manipulation. 
As is explained in section 5.2.¡4 and borne out by our 
Ρ . 
experiments, H
ot, is greatly reduced for Τ * Τ and 
on С 
completely destroyed for lower T-values. That in the 
latter case, one has К = Η , can be denonstrated 
exnerimentally by the quenchinc-nethod (see Fig. 5.8): 
the "superheating curve" HDE closely follows the 
"intermediate state curve" EH. For Τ * Τ we do however 
с 
find a small superheating effect. 
5.1*.3 Discussion. It ha  been known from the work of Faber (56) that 
Indium exhibits considerable sunercooling. At Τ both 
с 
к and к , should equal the GL-paraneter ic and from the 
sc sh 
supercooling data of Faber, De Oennes (Τ) extrapolated 
«(Τ ) of Indium to be 
с 
ie(T ) = 0.066 (5.81*) 
с 
The very sophisticated measurements of Feder and 
McLachlan (25), who were the first to measure on small 
single Indium spheres, yielded 
K(T ) = 0.062 + 0.001 (5.85) 
с — 
Equally measuring on single spheres as well, Parr (31) 
found 
ie(T ) = O.O6I + 0.001 (5.86) 
с — 
- ¿/о -
while, using the nowder techniaue. Smith et al. (26) 
obtained 
к(Т ) = О.ОбО + 0.00? (5.8?) 
which values agree quite well with the Feder-McLachlan 
result. All these authors also found tc (τ) and κ , (Τ) 
sc sh 
to converge indeed to a coirmon value к for Τ = Τ , and 
no discrepancy thus exist between the κ-value as 
derived frorr supercooling or superheating data, κ (Τ) 
sc 
and к . (Τ) differ only in their temnerature denendence. 
sh 
MicroscoDic theory (7-10) gives 
ic = 0.96 λ./Ε (5.ΘΘ) 
li О 
where, in the free electron model, 
λ
τ
 = (mc2Atrn e 2)^ (5.89) 
L S 
is the London penetration depth and η the density of 
superconducting electrons in the two-fluid model, while 
ς
ο
 = 0.18 TiVF/.cBTc (5.90) 
is the coherence length. 
For Indium, this leads to λ = 155 S and ξ = TOTO S. 
L· О 
Using these values one gets 
к = 0.021 (5-91) 
However, using the experimental values, i.e. 
ХЛехъ) = 250 S (57) and ζ (ехт>) = 2000 8 (58) one 
L О 
obtains 
< = 0.120 (5.92) 
- ъи -
The discrepancy between these last two «--values and the 
experimentally observed values of Eqs. (5.85), (5.86), 
(5.8T) cannot be attributed to the presence of flaws in 
the samples, in view of the fact that flaws become in­
effective as Τ nears Τ , and that к and κ , both 
с sc sh 
converge to the same value at Τ . Instead, we believe 
с 
them to be the result mainly of the non-local electro­
dynamics, inherent to low к, superconductors. Well 
before the microscopic non-local BCS-theory, Piivpard (59) 
introduced a non-local reformulation of the local London 
electrodynamics, which satisfactorily explained the 
large observed cenetration depths as compared to λ . The 
Pippard result involves a complicated integral, and only 
in the limits λ >> ζ (local London limit) and λ << ξ 
(non-local Pippard limit) could an explicit relation be 
Crmulated. For Type I superconductors, λ << ζ and the 
non-local limit has to be used, i.e. (8-IO) 
λ(ο) = (/3/2π)ξ λ
τ
2 ) 1 / 3 (5.93) 
O L 
which for Indium leads to a value (О)-ЗбО A. Hence 
(Eq. (5.88)) 
к: = O.0U9 (5.9^) 
Although agreeing far better than Fq. (5.9.1) with the 
bulk K-values of Eqs. (5-85), (5.86), (5.Θ7), a dis­
crepancy still exists. This might be due to the fact 
that not the complete Pippard integral has been used 
to describe λ(ο), but the limiting approximation of 
Eq. (5.9З). 
- 3/Z -
As for the difference between Eq. (5.92) and the 
bulk experimental values, this is also most probably-
caused by non-local effects. The experimental values 
constituting Eq. (5.92) are usually derived from 
experiments on thin films. As noted by Cody {h2) and 
others, tc-values obtained from thin film transition data 
are systematically higher than κ-values obtained from 
supercooling experiments. Tinkham (6o) has shown, that 
thin films are essentially Type II superconductors, even 
if their κ-values are smaller than 1//2. Because of this, 
Gray (32) has questioned the validity of comparing 
supercooling data of к with those obtained from thin 
film transitions, as they involve superconductors of 
different type. A cleareut answer to these questions 
remains to be given as yet. 
Our measured values of к:(Т ) are about three times 
с 
higher than those of Eos. (5.85), (5-86), (5.8?). These 
results were not unexpected. The resistive method we 
have used, unavoidably induces flaws and local strain, 
e.g. there where the contacts for the current and voltage 
measurements touch the sample. Furthermore, by pressing 
the Indium through a small hole, a wire with a comnletely 
smooth surface can never be ontained. And as the 
propagation effect of the nucleating phases is the main 
drawback, these induced nucleation centers will highly 
hinder the observation of ideal supercooling and super­
heating states. 
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Yet, desnite these impediments, it is surprising, 
how well qualitatively the theoretically predicted 
behaviour of the metastable states, as verified for 
instance by highly accurate susceptibility measurements 
(25-31), are also borne out by our simple experiments 
of dc-transport. 
Besides these investigations, the following experiments 
were also attempted : 
i) We have tried to stimulate a transition between 
the metastable and the stable states by neutron 
irradiation. The sample was kept, by means of a constant 
applied field, in a metastab]e state close to К or 
sc 
H , and then bombarded with neutrons, emanating from a 
sh 
radioactive source. As is well known the neutrons have 
no charge, they will deeply penetrate the sample. We 
hoped that, while traversing the sample, their magnetic 
spin moment will sufficiently enhance or diminish the 
applied magnetic field locally, so that the sample would 
be pushed out of its metastable state and superconduc­
ting or normal nucleation centers would be formed. Due 
to the weakness of the neutron source, however, no 
definite results could be obtained. A similar exneriment 
with ß-rays has been -performed by Bernas et al. (бі ) 
with no clear results. 
ii) We have also tried to measure the Van Gelder 
effect or the ridge-nucleation field H , (13-16) 
сч 
on a Type I superconductor, again with no definite 
results. The main difficulty hereby arrises from the 
- J/V-
fact, that beneath a certain critical thickness the 
Type I superconductor behaves as one of Type II. 
- 3/S -
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6. SUMMARY 
lectrical and thermal conductivity measurements 
are the main techniques by which we have investigated 
the transport properties in solids. The conductivity 
experiments were performed in the temperature range 
between 0.3 К and 25 К and in magnetic fields up to 6.5 
tesla. 
Ch.l provides a general introduction to these 
measurements and the concepts of transport theory,while 
Ch.2 describes the measuring apparatus and techniques. 
In Ch.3 we report on the thermal conductivity measure­
ments of two-dimensional magnetic systems.Not only does 
the thermal transport in these systems occur by phonons, 
but by magnons as well and we have measured a thermal 
magnon conductivity comprising between 70 % and 90 % of 
the total heat transport,the largest fractional magnon 
contribution observed as yet. 
Besides magnon conductivity we have also observed ther­
mal conductivity by paramagnons for temperatures above 
Τ .This is the first time that paramagnon conductivity 
has been observed but a comparison with theory has been 
compounded by a lack of the latter. 
Apart from a discussion of these experimental results 
we have examined theoretically the magnon conduction in 
two-dimensional systems and the criteria for its appear­
ance. 
- ¿ZO-
In Ch.4 the main aim has been to determine the 
lattice conductivity of Aluminium and Indium by reducing 
the electronic thermal conductivity by means of a mag-
netic field.This was done using the Corbino configuration, 
which prevents the thermal Hall field from forming,hence 
produces the largest magnetoresistance for a given field 
strength.In this way we were able for the first time to 
measure the lattice conductivity of Al and In by the mag-
netic field method.Apart from a discussion of these re-
sults we have comprehensively and critically examined the 
different methods to determine the lattice conductivity 
of metals,the phenomenon of the linear magnetoresistance, 
the quadratic field dependence of the MR and the anomalous 
lattice conductivity of Potassium and the phenomenon of 
curve crossing. 
The appearance of a maximum at high fields in the thermal 
MR as a function of temperature could be interpreted as 
the Kagan effect.This is the first experimental verifica-
tion of the Kagan effect in the thermal MR. 
In Ch.5 we have investigated the metastable states 
of superconductors by resistive dc-measurements.We have 
also developed analytical solutions of the 3-dimensional 
Ginzburg-Landau equations for the configuration of a 
cylinder in a perpendicular magnetic field. 
- J2/ _ 
SAHENVATTING 
De transport eigenschappen van vaste stoffen werden 
onderzocht m.b.v. electrische en warmtegeleiding in het 
temperatuurgebied tussen 0.3 en 25 К en in magnetische 
velden tot aan 6.5 tesla. 
Hoofdstuk 1 geeft een algemene inleiding op de me­
tingen en op de concepten die bij de transport theorie 
een rol spelen. 
Hoofdstuk 2 beschrijft de meettechniek en het 
meet-instrumentarium. 
Hoofdstuk 3 beschrijft de metingen van de warmte-
geleiding in 2-dimensionale magnetische systemen.Het 
warmte transport daarbij gebeurt niet alleen via fononen, 
doch ook via magnonen en de door ons gemeten magnon-
geleiding bedroeg 70 tot 90 % van de totale warmtegelei-
ding.Dit is de grootste fractionele magnon bijdrage tot 
het warmte transport dat tot nog toe ooit is gemeten. 
Naast magnongeleiding hebben we ook warmtegelei-
ding via paramagnonen waargenomen.Dit is voor het eerst 
dat paramagnon warmtegeleiding kon worden gemeten.Een 
vergelijking met de theorie was niet mogelijk door het 
ontbreken van de laatste. 
Hoofdstuk 4 had als hoofddoel de bepaling van de 
roostergeleiding van Aluminium en Indium,door het redu­
ceren van de electron warmtegeleiding m.b.v. een mag­
netisch veld.De Corbino configuratie,die daartoe werd 
- 322 -
benut,heeft het voordeel dat daarbij het thermische 
Hall-veld zich níet kan opbouwen,waardoor voor een be-
paalde veldsterkte de grootst mogelijke magnetoweerstand 
kan worden verkregen.Op deze wijze waren wij in staat om 
voor het eerst m.b.v. een magnetische methode de rooster-
geleiding van Al en In te bepalen. 
Naast een bespreking van onze experimentele resultaten 
hebben we in hoofdstuk 4 ook een uitgebreid en critisch 
overzicht gegeven van de verschillende methoden om de 
roostergeleiding in metalen te meten,het verschijnsel van 
de lineaire magnetoweerstand,de anomale roostergeleiding 
en de kwadratische veld-afhankelijkheid van de magneto-
weerstand van Kalium alsmede van het verschijnsel van de 
curve doorkruising. 
Het in hoge velden ontstaan van een maximum in de magneto-
weerstand als een functie van de temperatuur,kon worden 
verklaard m.b.v. het Kagan-effect.Dit is de eerste expe-
rimentele verificatie van het voorkomen van het Kagan-
effect in de thermische magnetoweerstand. 
Hoofdstuk 5 beschrijft metingen aan metastabiele 
toestanden in supergeleiders.We hebben daarbij een ana-
lytische oplossing ontwikkeld van de 3-dimensionale 
Ginzburg-Landau vergelijkingen voor het probleem van 
een cylinder in een magnetisch veld,loodrecht op de as 
van de cylinder. 
- з г з -
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I 
Het meten van de warmtegeleidmg van metalen bij lage temperaturen en hoge magneet-
velden heeft naast grote wetenschappelijke, ook grote karaktervormende waarde. In het 
bijzonder kweekt het aan zachtmoedigheid, geduld en doorzettingsvermogen, en maakt 
zodoende de beoefenaar ervan tot een beter mens. 
II 
Met behulp van de warmtepulsmethode zou de voortplantingssnclheid van het energie-
transport zowel in het fonon- alsook in het magnonsysteem kunnen worden bepaald. In 
het bijzonder /ou via de warmtepulsmethode „second sound" in het magnonsysteem 
kunnen worden gemeten. 
III 
Roosterdefecten kunnen de magnon-fonon koppeling vergroten. Bij lagerdimensionale 
magnetische systemen kan dit leiden tot energietransport via magnon-achtige excitaties 
boven Tc. Het is van belang dit aspect systematisch te onderzoeken. 
Eht proefschrift. 
IV 
Het is van belang een theorie te ontwerpen voor het energietransport door langlevende 
spinfluctuaties boven Tc (paramagnonen). 
Dit proefschrift. 
V 
De z.g. supergeleidende methode, d.i. de methode om de elektron warmtegeleidmg te 
reduceren door het metaal in de supergeleidende toestand te brengen, is niet geschikt voor 
het meten van de roostergeleiding in metalen. 
Dit proefschrift. 
VI 
De theorie van Pippard over de ultrasone afzwakking (ultrasonic attenuation) in metalen 
kan niet worden gebruikt om de roostergeleiding in zuivere metalen afte schatten. 
Dit proefschrift. 
VII 
Voor een non-intrmsieke verklaring van de lineaire magnetoweerstand m ongecompenseer-
de metalen met een gesloten Fermi-oppervlak verdienen twee-dimensionale kristaldefecten 
de voorkeur boven driedimensionale inclusies. 
Dit proefschrift. 
VIII 
De o.a. door Newrock en Maxfield gemeten anomale kwadratische veldafhankelijkheid 
van de thermische magnetoweerstand kan eenvoudig worden verklaard. 
R. S. Newrock and B. W. Maxfield, 
J. Low Temp. Phys. 23(1976)119 
Dit proefschrift. 
IX 
Het verdient aanbeveling het Lorenz getal L van metalen, aan een en hetzelfde sample als 
functie van de temperatuur Τ en het magnetisch veld Η op twee verschillende manieren te 
meten, n.l 
i) als evenredig aan het quotient van de elektrische en thermische weerstand 
τ m TÍ p (H ' T ) Lin, U - W ( H ) T ) T 
и) als evenredig aan het quotient van de elektrische en thermische Hall constante 
LfH τ ) - R H ( H ' T ) 
en de resultaten onderling te vergelijken. 
Dit proefschrift. 
Χ 
Van vele metalen en legeringen zijn de transporteigenschappen boven 10 К onbekend. 
Het is een vermetele werkwijze de transporteigenschappen bij die hogere temperaturen te 
extrapoleren vanuit metingen bij lagere (<4.2 K) temperaturen m.b.v. de geldende theo­
rieën. Daarom verdient het experimenteel onderzoek van de transporteigenschappen van 
metalen bij temperaturen tussen 5 en 100 К meer nadruk en aandacht te krijgen. 
Dit proefschrift. 
XI 
Bij de onderlinge vergelijking van de elektrische en thermische Kohier hellingen S
el en S^ 
van diverse magnetoweerstandsmetingen aan dezelfde of verschillende metalen, dient gelet 
te worden op het temperatuurgebied waarin de metingen zijn verricht. 
Dit proefschrift. 
XII 
De door Fletcher gevonden anomale bult in de temperatuurafhankelijkheid van de rooster-
geleiding van Kalium, kan eenvoudig worden verklaard. 
R. Fletcher, Phys. Rev. Letters, 32(1974)930 
Dit proefschrift. 
XIII 
De roostergeleiding van Kalium kan het best met de magnetische methode gemeten wor­




De bepaling van het z.g. „superheating field" H S H van bol- en cylindervorrmge super­
geleiders door het superheating field van een supergeleidende, oneindige halfruimte te ver­
menigvuldigen met een geëigende demagnetisatic-factor geschiedt ongemotiveerd. 
Analytisch en exact kan worden aangetoond dat de bij deze werkwijze optredende 
correctietermen verwaarloosbaar klein zijn. 
Dit proefschrift. 
XV 
In navolging van het Amerikaanse OTA (Office of Technology Assessment) dient zo 
spoedig mogelijk een EOTA (European Office of Technology Assessment) te worden 
opgericht. 
H. N. de Lang, "Technology Assessment" 
Technische Winkler Prins, Elsevier, Amsterdam. 
XVI 
Toekomstverkenningen hebben mede tot doel de eigen prognoses niet uit te laten komen. 
Daarom dienen ze tijdig te worden verricht. 
XVII 
De huidige wetenschapsjournalistiek en wetenschapsvoorlichting in de media concentreren 
zich (te) vaak op slechts de succesvolle en spectaculaire resultaten en geven aldus een 
eenzijdig en gefalsificeerd beeld van de wetenschap, dat mythevorming in de hand kan 
werken. 
XVIII 
De sinds 1931 voor het classificeren van aardbevingen gebezigde, doch sinds 1954 door 
de schaal van Richter vervangen, gemodificeerde schaal van Mercalli kan nog zeer wel 
worden gebruikt om de verwoestende kracht van peuters en kleuters aan te geven. 
XIX 
Moederliefde verlaagt de entropie. 
XX 
Of het leven waard is geleefd te worden is mede afhankelijk van de lever. 


